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A METHOD OF TREATING LIVER DISEASE 

Recovery from liver damage might be enhanced by encouraging repopulation of the liver by 

endogenous hepatic progenitor cells. Bone marrow-derived progenitors may differentiate into oval CD 

cells - resident hepatic stem cells that promote liver regeneration and repair. Little is known about S£j 

the mediators that regulate the homing or accumulation of these cells in the liven The sympathetic < 

nervous system (SNS) innervates bone marrow, and adrenergic inhibition mobilizes hematopoeitic ^ 
precursors into the circulation. Thus, we hypothesized that SNS inhibition would promote hepatic 



CD 

f— 

m 

accumulation of progenitor cells and reduce liver damage in mice fed anti-oxidant depleted diets to O 

o 

induce liver injury. Our results confirm this hypothesis. Compared to control mice that were fed 
only the anti-oxidaift depleted diets, mice fed the same diets with Prazosin (PRZ, an alpfoa-l 
adrenoceptor antagonist) or 6-Hydroxydopamine (6-OHDA, an agent that induces chemical 
sympathectomy), had significantly increased numbers both of oval cells and putative bone marrow- 
derived hepatic progenitors. Increased hepatic progenitor cell accumulation was accompanied by 
less hepatic necrosis and steatosis, lower serum aminotransferases, and greater liver and whole body 
weights. Neither PI£Z nor 6-OHDA affected the expression of cytokines, growth factors or growth 
factor receptors that are known to regulate progenitor cells. In conclusion, stress-related 
sympathetic activity modulates progenitor cell accumulation in damaged livers and SNS blockade 
with alpha-adrenoceptor antagonists enhances hepatic progenitor cell accumulation and improves 
recovery from liver damage. 

Abbreviations: 

Sympathetic Nervous System (SNS), Prazosin (PRZ), 6-Hydroxydopamine (6-OHDA), Hepatic 
Progenitor Cell (HPC), Autonomic Nervous System (ANS), Norepinephrine (NE), Natural Killer T 
(NK-T) cells, Half Methionine-Choline Deficient plus Ethionine (HMCDE), Control Methionine 
Choline Diet (CMCD), Stem Cell Factor (SCF), Interleukin (IL), Leukaemia Inhibitory Factor 
(LIF), Granulocyte-Macrophage Colony Stimulating Factor (GM-CSF), Granulocyte Colony 
Stimulating Factor (G -CSF), Vascular Endothelial Growth Factor (VEGF), Hepatocyte Growth 
Factor (HGF). 
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The liver's progenitor cell compartment is activated if the resident mature hepatocytcs reach a 
critically low number, such as after severe hepatic injury, or if the mature hepatocytes are prevented 
from dividing by hepatotoxic drugs (l) t One hepatic progenitor cell (HPC) compartment, the oval 
cells, are resident within the liver's canals of Herring - the terminal branches of the biliary tree. 
The source of oval cells themselves is debated but there is some evidence that they may be derived 
from pluripotent progenitors that reside in the bone marrow (2). The factors involved in expanding 
hepatic progenitor cell populations within the liver are not well understood. The identification of 
such factors is an important therapeutic goal because they may be useful to support patients with 
acute liver failure until a suitable organ is found for transplant. Indeed, if successful, targeted 
expansion of endogenous HPC may even obviate the need for orthotopic liver transplantation. 

Emerging evidence suggests that the autonomic nervous system (ANS) may regulate the 
accumulation of HPC in the liver. The parasympathetic nervous system appears to promote, this 
process because vagotomy reduces the expansion of HPC numbers in rats with/ drug induced 
hepatitis. Similarly, after transplantation (which surgically denervates the liver), human livers that 
develop hepatitis have fewer HPC than native, fully innervated livers, with similar degrees of liver 
injury (3). The decreased accumulation of HPC in transplanted livers may alter their regenerative 
response to injury because the rate of fibrosis is often accelerated in liver transplant recipients with 
chronic hepatitis (4). 

Although the sympathetic nervous system (SNS) is known to modulate both liver 
regeneration (5) and hepatic fibrogenesis (6,7) it is not known if these effects reflect the ability of 
the SNS to influence HPC accumulation in injured livers. Thus, the aim of the present study was to 
test the hypothesis that the SNS affects the expansion of HPC. We used established models of HPC 
accumulation involving administration of anti-oxidant depleted diets plus ethionine to cause liver 
injury and inhibit mature hepatocyte replication (8). We then manipulated the SNS by adrenoceptor 
antagonism with prazosin (PRZ) or chemical sympathectomy with 6-hydroxydopamine (6-OHDA), 



WO 2004/084904 



3 



PCT/GB2004/001323 



in order to reduce the activity or production of the SNS neurotransmitter, norepinephrine (NE). 
HPC numbers in control and SNS-inhibited livers were analysed by both flow cytometry and 
immunohistochemistiy (9,3) . Because the SNS is known to promote the hepatic accumulation of 
natural killer T (NK-T) cells (10), liver NK-T cells were evaluated concurrently to monitor the 
physiological efficacy of SNS inhibition. Our results demonstrate that SNS inhibition significantly 
enhances the accumulation of HPC and reduces liver injury. This suggests that adrenoreceptor 
blockade might be used therapeutically to expand HPC and promote liver regeneration in 
circumstances that prevent the replication of mature hepatocytes. 
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Materials and Methods 
Animals 

C57BL-6 mice, 10-18 weeks old, were from Jackson Laboratory (Bar Harbor, ME). 
Diets and Brugs 

The diet was a modification of the half-choline deficient diet (ICN, Aurora, OH) that has 
been shown to cause hepatic accumulation of HPC within 2 weeks (8). In addition to choline 
deficiency the diet used here was also 50% deficient in methionine to enhance oxidative injury to 
the liver. This diet was administered with ethionine (0.15%) in drinking water (8) and the 
combination treatment is referred to as half methionine choline deficient diet plus ethionine 
(HMCDE) hereafter. The control methionine choline diet (CMCD) was also from ICN.* Prazosin 
(PRZ) and DL-Ethionine (£) were from Sigma, St Louis, MO). 

Chemical Sympathectomy 

Chemical sympathectomy was achieved by intra-peritoneal (IP) injection of 6- 
Hydroxydopamine (6-OHDA) lOOmg/kg for 5 consecutive days as described (11). Thereafter, 6- 
OHDA was administered at lOOmg/kg up., three times per week to ensure continued 
sympathectomy (7). The dose and dosing regimen for 6-OHDA has been previously shown to 
virtually deplete norepinephrine in rodent tissues (7, 1 1 ). 

Experimental Design 

Mice were divided into 4 groups, with each group containing 10 to 12 animals. Group 1 - 
Control diet; Group 2 - HMCDE plus saline i.p.; Group 3 - HMCDE plus prazosin in drinking 
water; Group 4 - HMCDE plus 6-OHDA i.p. Experiments were performed on 2 separate occasions. 
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Therefore, final results are derived from -100 mice (10-12 mice/group/experiment x 2 
experiments). 

All mice were weighed at the beginning of the feeding period and weekly thereafter until 
killed. At the time of sacrifice, sera were collected from all the animals in each group and liver 
tissue from half the animals in each group. Collected liver tissues were either fixed in buffered 
formalin, preserved in OCT compound (Sakura, Torrance, CA) and processed for histology or snap 
frozen in liquid nitrogen and stored at -80 °C until RNA was isolated. The livers from the remaining 
animals in each group were prepared for flow cytometry as described below. All experiments 
satisfied the Guidelines of our institutions Animal Care Committees and the National Institutes of 
Health, USA. 

Histology 

Wedges of liver from each of the mice were prepared for histology and immufiochemistry as 
we have described previously (3,12). For histology, tissues were formalin fixed, paraffin embedded 
and 5-micron sections were stained with hematoxylin and eosin (H&E). Coded samples were 
examined by an experienced liver pathologist who was blinded to treatment groups. Hepatocellular 
fat accumulation was scored as, no fat « 0, focal fat accumulation in < 1% of the hepatocytes - F, 
fat in 1-30% of the hepatocytes - 1+, fat in 31-60% of the hepatocytes = 2+, and fat in 61-100% of 
the hepatocytes = 3+. To evaluate the amount of hepatocyte necrosis, the number of necrotic 
hepatocytes was counted in 10 randomly selected fields with a 20X lens. 

Immunohistochemistry 

Immunohistochemical analysis of HPC was performed with a mouse monoclonal OV6-type 
antibody (a kind gift from Dr Stuart Sell, Albany Medical College, Albany, NY) reacting with 
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cytokeratins 14 and 19; a rabbit polyclonal antibody against 56 and 64 kD human callus 
cytokeratins (Dako, Denmark) and a rat monoclonal antibody to cytokeratin 19 as described 
(3,13,14). 

Details of the staining procedures are as we have detailed previously (3,14). Briefly, 4 um 
thick paraffin sections were deparaffinized and rehydrated, followed by heating in a microwave 
oven for 10 minutes at 750 Watt in citrate buffer, pH 6.0. Incubation with the primary antibodies 
was performed at room temperature for 30 minutes. Mouse monoclonal OV6 antibody and rat anti- 
cytokeratin 19 were detected using the DAKO Animal Research Kit, peroxidase (Dako, Denmark). 

The rabbit polyclonal antibody against 56 and 64 kD human callus cytokeratins was detected by 

» 

anti-rabbit Envisicp (Dako, Denmark) as described previously (14). 

HPC were defined as small cells with an oval nucleus and little cytoplasm. These cells 
occur eitlier singularly or organized in arborizing, ductular structures. They have strong reactivity 
for liver type cytokeratins, OV-6 and bile duct type cytokeratin 19 (3, 1 3, 14). 

To evaluate the effect of treatments on the HPC compartment, coded samples were 
examined by an experienced liver pathologist blinded to treatment groups. For each liver section, 
the number of HPC in 5, randomly selected, non-overlapping, high power (x40 objective) fields was 
counted. Interlobular bile ducts, were defined as bile ducts with a lumen, associated with a branch 
of the hepatic artery. Interlobular bile ducts were not considered progenitor cells and, thus, were not 
counted as such. 

The presence of alpha- 1 adrenergic receptors on HPC was detected on frozen sections using 
a rabbit polyclonal anti-alpha 1 adrenergic receptor antibody (scl0721, Santa Cruz Biotech, Santa 
Cruz, CA, dilution 1/20), followed by undiluted anti-rabbit Envision (Dako, Denmark). For 
immunofluorescence studies, the anti-alpha-1 adrenergic receptor antibody was combined with a 
polyclonal antibody against 56 and 64 kDa human callus cytokeratins (Dako, Denmark; dilution 
1:100). The primary antibodies were applied sequentially and subsequently detected with swine- 
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antirabbit FITC or TRITC conjugates. In controls sections primary antibodies were omitted. All 
stainings were performed on 4 representative sections. 

Serum Markers of Liver Injury 

Sera from all the animals were analysed for alanine aminotransferase (ALT) activity by the 
Clinical Chemistry Laboratory of the Johns Hopkins Hospital. 

RNA isolation and Ribonuclease Protection Assay 

Total RNA was isolated from frozen liver samples according to the method of Chomczynski 
anil Sacchi (15) as we have described (16). RNA concentration was determined by optical density 
and quality was assessed by agarose' gel electrophoresis and ethidium bromide staining. 
Commercial ribonuclease protection . assay (RPA) kits with probes for murine cytokines 
(PharMingen, San Diego, CA) were used to evaluate factors that might be involved in the 
recruitment and expansion of HPC after liver injury. The factors studied were Sterri Cell Factor 
(SCF), Hepatocyte Growth Factor (HGF), Interleukin-7 (IL-7), IL-1 1, Leukaemia Inhibitory Factor 
(LDF), Granulocyte-Macrophage Colony Stimulating Factor (GM-CSF), Granulocyte Colony 
Stimulating Factor (G-CSF), Vascular Endothelial Growth Factor (VEGF), and its receptors, 
VEGFR1 and VEGFR3. Details of the RPA are as we have described previously (14). 

Flow Cytometry 

The hepatic non-parenchymal cell fraction, which contains the oval cell population and the 
NK-T cell populations, were isolated by previously described techniques (9,16). Briefly, livers 
were carefully removed and homogenized in Stomacher80 (Seawood, England). The homogenate 
was then passed through a 100-micron wire mesh and liver cells were collected by centrifugarion at 
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450g. Mononuclear cells were purified from this fraction by centrifugation at 900g over 35% 
Percoll gradients (Amersham Pharmacia Biotech) and incubated with normal mouse serum (Sigma, 
St Louis, MO) and Fc-receptor block (anti-CD 16/CD32) to prevent non-specific binding, plus APC- 
conjugated anti-mouse Thy-1.2 (the C57BL-o form of the Thy-1 antibody) and antibodies directed 
against hematopoeitic lineage markers (LIN, a mix of anti-mouse CD4, CDS, CD3, CD45, CD19, 
Mac-1, Gr-1, Terll9). For NK-T cell labeling, the mononuclear cells were incubated with FITC- 
conjugated anti-mouse NK-1.1 and PE-conjugated anti-mouse CD3. All antibodies were from 
Pharmingen except anti-mouse Terll9, which was from Cedarline lab, Canada. After incubation, 
pellets were washed to remove unbound antibodies, fixed with 2% formaldehyde and evaluated by 
FACS (Becton Dipkenson). As described (2, 9) UN^Oby-i" cells, were classified as putative 
bone marrow-derived, hepatic progenitor cells. Data was analyzed by Cell Quest software (Becton 
Dickenson) to determine changes in these cell populations in different treatment groups. 



Statistical Analysis 

All values are expressed as mean ± SEM. The group means were compared by 
ANOVA using Graphpad Prism 3.03 (San Diego, CA). 



t-test or 
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Results 

To determine the gross effects of the diets on our experimental animals, the weights of the 
animals at the start and end of the experiments were compared. Mice fed the control diet gained a 
mean of 3g (12% of starting body weight) during the course of the study (Fig, 1). In contrast, mice 
fed the HMCDE diet lost a mean of 3 g (12% of starting body weight). Mice fed the HMCDE diet 
in the preseftce of PRZ or 6-OHDA, however, only lost a mean of 2 g (7% and 8% of starting body 
weight). Therefore, SNS inhibition slightly, but significantly, attenuates the weight loss that occurs 
during consumption of antiosridant-depleted diets. 

The treatments also influenced liver mass (Fig- 2a, b). In mice with an intact SNS, as well 
as in those treated/with SNS inhibitors, the HMCDE diet caused an increase in liver mass (Fig. 2a), 
as well as liver/body mass ratio (Fig. 2b) above that of the control diet. Increases in both 
parameters tended to be greater in mice that were treated with SNS inhibitors, but the differences in 
liver mass achieved statistical significance only for the HMCDE + PRZ treated group. Thus, 
although SNS inhibition reduced diet-related loss of body mass, it tended to enhance diet-induced 
hepatomegaly. 

Liver histology confirms that, as expected, HMCDE diets caused hepatic steatosis and 
necrosis (Fig. 3a-c). Histologic evidence of liver injury was accompanied by significant increases 
in serum ALT values (Fig. 3d). Treatment with 6-OHDA, but not PRZ, significantly reduced the fat 
score (Fig. 3b). However, both SNS inhibitors significantly reduced hepatic necrosis (Fig, 3c) and 
serum ALT values (Fig. 3d). These findings demonstrate that PRZ and 6-OHDA-related increases 
in liver mass occured despite improvements in hepatic steatosis (6-OHDA) and/or necrosis (PRZ 
and 6-OHDA) and suggest that SNS inhibition might improve liver regeneration. 

Diet induced liver injury itself elicits a compensatory regenerative response, as evidenced by 
the accumulation of HPC in control mice that were fed the HMCDE diet. The increased HPC were 
demonstrated immunohistochemically by an increase in the numbers of bile duct type cytokeratin - 
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positive oval cells (Fig. 4a, b) and by flow cytometry quantification of bone marrow lineage marker 
negative (LIN 8-) cells that expressed Thy 1.2 (Fig. 4c). SNS inhibition with either PRZ or 6- 
OHDA significantly augments diet-induced HPC expansion by both assays (Fig. 4a-c). The hepatic 
accumulation of HPC is a fairly specific consequence of SNS inhibition because, as expected (10), 
the numbers of NK-T cells in the livers of HMCDE-treated mice (8 + 1% liver mononuclear cells) 
decrease significantly after treatment with either PRZ (3.5 ± 0.5%, P < 0.0$) or 6-OHDA (3.6 ± 
0.6%, P < 0.05). Given that SNS inhibition also reduces HMCDE-induced liver injury (Fig. 3) and 
stabilizes body weight (Fig. 1), it seems unlikely that SNS inhibition generates a greater 
requirement for hepatic HPC accumulation. Rather, these findings suggest to us that HPC expansion 
might contribute tp the hepatoprotective effects of SNS inhibition. 

Other groups have shown that the hepatocyte mitogen, hepatocyte growth fadfor (HGF), 
induces oval cell proliferation, promotes liver regeneration and protects the liver from 
hepatotoxicity (17). Given the similarities between the effects of SNS inhibition and HGF, it was 

important to determine if SNS inhibition increased hepatic HGF expressicm. Consistent with other 

f 

reports that liver injury induces compensatory expression of HGF and other factors that promote 
regeneration (18), we found that treatment with HMCDE increased the hepatic expression of HGF 
more than 2 fold above control (P < 0-04 versus CMCD) - data not shown. However, SNS 
inhibition with PRZ or 6-OHDA did not augment this response. Therefore, the hepatoprotective 
effects of SNS inhibition are not easily explained by HGF induction, although our studies do not 
exclude the possibility that SNS inhibition sensitizes the liver to HGF actions. 

Oval cells and bone marrow-derived hepatic progenitors express c-kit, the receptor for stem 
cell factor (SCF) (9). Other cytokines, such as interleukin (IL)-7 and LIF, may also promote 
progenitor cell accumulation in injured tissues because after cardiac injury, these factors help to 
recruit bone marrow-derived stem cells to the injured heart (19). IL-6 is expressed by bone marrow 
derived cells in regenerating livers (20) and this cytokine has an important hepatoprotective -effect 
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because mice that are genetically deficient in IL-6 exhibit inhibited liver regeneration after partial 
hepatectomy (21). Other cytokines, such as G-CSF, that signal through gp-130 receptors may be 
able to compensate for IL-6 deficiency and promote regeneration when the latter cytokine is 
deficient (22). Vascular endothelial growth factor (VEGF) may also play some role in the expansion 
of HPC because it is a growth factor for hematopoietic stem cells, which express VEGF receptors 
(22). To begin to clarify the mechanisms, by which SNS inhibition enhances HPC accumulation in 
injured livers, we evaluated the effects of SNS inhibition on the hepatic expression of G-CSF, GM- 
CSF, IL-6, IL-7, EL-11, LBF, SCF, VEGF and its receptors VEGFR1 and 3. RPA of whole liver 
KNA was used to compare the expression of these factors in control (CMCD) mice and mice treated 
with HMCDE plus or minus SNS inhibitors. No appreciable GM-CSF, IL-6, IL-7, IL- H, SCF or 
Ll£ expression could be demonstrated by this assay (data not shown). HMCDE-treatmen^ however, 
increased G-CSF expression about 2 fold, regardless of SNS inhibition (P < 0.05 all HMCDE 
^oups versus CMCD). VEGF and its receptors were expressed in both control an<J all HMCDE-. 
treated mice, but SNS inhibition did not alter the expression of these factors (data not shown). 
Thus, although these experiments do not exclude the possibility that the expression of one or more 
of these factors may have changed in some small population of liver cells after SNS inhibition, 
these progenitor cell trophic factors do not appear to be the major targets for SNS regulation. 

To determine if the effects of SNS inhibition on the HPC compartment might be mediated 
via direct interaction between NE and adrenoceptors on HPC, we used immunohistochemistry to 
determine if HPC express alpha-1 adrenoceptors. Our results show that bile duct type cytokeratin- 
positive oval cells do express apha-1 adrenoceptors (Fig. 5a,b). Therefore, direct regulation of this 
HPC compartment by NE is plausible. 
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Discussion 

Critical shortages of donor livers for orthotopic liver transplantation have become a major 
limiting factor in efforts to reduce mortality of patients with end-stage liver disease (24). Therefore, 
alternative strategies to replace severely damaged livers must be developed. Studies in mice with 
massive toxin-induced liver injury have demonstrated that liver cell transplantation can effectively 
regenerate the liver (reviewed in (25). Hence, many groups are working to optimize cell 
transplantation strategies. An alternative, but complementary, approach that might be used to 
enhance regeneration of injured livers involves treatment to encourage repopulation of the liver by 
endogenous hepatic progenitors. The general feasibility of this strategy is supported by recent 
evidence that the administration of cytokine mixtures to mobilize native, bone manow-derived 
•progenitor cells heals experimentally-induced myocardial infarcts in mice (19)." However; although 
certain bone marrow cells-, can differentiate into oval cells (2) and mature hepatocytes (26), the 
relative importance of bone marrow-derived progenitors, as opposed to resident hepatic progenitors 
(i.e. oval cells) and mature hepatocytes for liver regeneration remains uncertain (25). Moreover, 
even if certain progenitor cell populations do contribute to recovery from liver injury, little is 
known about the mediators that regulate their accumulation within the liver. Therefore, the 
identification of these factors is an important first step in the development of treatments that seek to 
expand hepatic progenitor cell populations. 

Presumably, endogenously produced factors that induce the hepatic accumulation of liver 
progenitor cells are increased, to some extent, during liver damage because regenerative responses 
are evident in most injured livers (18). However, other factors that increase during injury might " 
inhibit progenitor cell expansion and this would compromise reconstruction of a healthy organ, if 
the progenitors play a role in liver regeneration. Thus, one way to enhance recovery from liver 
injury might be to neutralize the actions of endogenous factors that limit the expansion of native 
HPC populations. To explore the validity of this concept, we studied mice that were freated with 



WO 2004/084904 



13 



PCT/GB2004/001323 



half strength, methionine/choline deficient diets supplemented with ethionine (HMCDE), because 
this murine model of liver injury is known to increase hepatic oval cells (8). Our results show that 
stress-related SNS activity is one of the endogenous factors that modulate HPC accumulation in 
damaged livers. However, the mechanisms for this remain uncertain because we found no effect of 
SNS inhibition on several factors that are thought to promote progenitor cell accumulations. 

On the other hand, at least one mechanism that regulates the accumulation of oval cells in 
the livers of choline deficient mice has been reported. Fausto and colleagues showed that TNF-a 
increases in mice that are fed choline-deficient diets and demonstrated that proliferating hepatic 
oval cells produce this cytokine (27). Moreover, they found that TNF-a is required for oval cell 
expansion because this response is abrogated by genetic disruption of TNFR1. Their observations 
are particularly intriguing because TNF-a and TNFR1 are necessary for liver regeneration after 
partial hepatic resection and other types of liver injury (28,29). Although we did not evaluate 
potential interactions between TNF-a and the SNS in our model, work in many 'other systems 
demonstrates clear evidence for cross talk between signaling mechanisms that are ^activated by 
TNF-a and those mat are modulated by sympathetic neurotransmitters, such as NE (reviewed in 
(30). 

At the very least, these interactions may explain our observation that PRZ and 6-OHDA 
reduced HMCDE-induced liver injury, because NE inhibits cytokine inducible nitric oxide (NO) 
production in hepatocytes and NO protects hepatocytes from TNF-toxicity (31). Thus, NE 
promotes TNF-a-mediated hepatotoxicity and agents that block NE generally inhibit this (32). 
Whether or not NE-TNFa interactions influence HPC expansion has not been investigated, but 
merits evaluation because NE regulates TNF production and vice versa (30, 33-36). Thus, given 
that cytokine-neurotransmitter interactions influence liver injury and SNS-regulated cytokines 
modulate both oval cell expansion and liver regeneration, SNS inhibition may promote HPC 
accumulation and recovery from liver injury indirectly, by effecting cytokine activity. 
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Theoretically, neurotransmitters may also promote HPC expansion by directly interacting 
with their receptors on oval cells or their precursors. Such direct effects have been demonstrated for 
at least one SNS neurotransmitter, NPY, which interacts with its receptors on neuronal progenitors 
to induce their proliferation (37). Although we have shown here that oval cells express apha-1 
adrenoceptors, it remains to be seen if their putative bone marrow-derived progenitors also express 
such receptors. It is tempting to speculate, however, that SNS manipulation might .have exerted a 
direct effect on one or more of the HPC populations, because the bone marrow receives SNS 
innervation (38,39) and adrenoceptors have been demonstrated on certain types of bone marrow 
derived progenitor cells (38,40). Moreover, treatment of mice with PRZ or 6-OHDA mobilizes bone 
marrow-derived . hematopoietic progenitors into the circulation (38,40), suggesting that 
injury/inflammation-related increases in NE might normally limit accumulation of HPC. If so, then. 
SNS inhibition would be expected to dis-inhibit this process, permitting expansion of HPC 
populations within damaged livers. The observation that treatment with PRZ or 6-OHDA increased 
hepatic accumulation of Thy-1 expressing cells that lack appreciable surface markers for the 
hematopoietic lineage is consistent with this hypothesis because Petersen et al have demonstrated 

t 

mat such cells can be isolated from the bone marrow of adult rats and induced to differentiate into 
hepatic oval cells (2). 

Despite these uncertainties about the mechanism(s) through which SNS inhibition promotes 
HPC expansion, the observation that this process can be induced by PRZ, a widely available, 
relatively safe, oral agent, has potential therapeutic implications. In our study, PRZ treatment was 
well tolerated - none of the PRZ-treated mice died and most developed less cachexia, as well as less 
liver necrosis and more liver regeneration, than the liver disease, controls. These findings 
complement those of an earlier study which demonstrated that PRZ prevents the development of 
cirrhosis in carbon tetrachloride-treated rats (7). Taken together, these results suggest that alpha 
adrenoceptor blockade might be an effective strategy to arrest liver disease progression. 
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Fi gure Legends 

Figure 1. Effect of control and antioxidant-depleted diets on body weight 

Mean ± SEM body weights of mice before and after 4 weeks of feeding. Only mice fed the control 
diet (CMCD) gained weight (* P< 0.04 vs haseline); all groups that were fed half methionine 
choline deficient diets (HMCDE) lost weight (*P<0.001 for post- versus pre-HMCDE, P< 0.008 for 
post- versus pre-HMCDE + PRZ, P< 0.03 for post- versus pre- HMCDE + 60HDA). However, 
HMCDE +PRZ and HMCDE + 6 OHDA groups lost less weight than the HMCDE group 
< 0.05). 

Figure 2. Effect of SNS inhibition on liver mass in mice with diet-induced liver 
damaged 

af Compared to mice fed control diets (CMCD), absolute liver mass was greater infill groups fed 

HMCDE diets (*P < 0.01). Absolute liver mass in the HMCDE + PRZ group was greater than the 

group fed HMCDE alone (* P < 0.04). 
i 

b) Liver/body weight ratios also increased on HMCDE diets (*P < 0.02 for all groups versus 
CMCD) and tended to be greater in HMCDE-treated mice that received SNS inhibitors, although 
the difference between these groups and those fed HMCDE diets alone did not achieve statistical 
significance. 

Figure 3. Effect of SNS inhibition on diet-induced liver injury. 

a) Liver Histology. Images were captured with a 25X lens. Hematoxylin and eosin stained sections 
of representative mice that were fed control diet (CMCD) (top left) showed no fat accumulation or 
necrosis. A section from a representative HMCDE fed animal showed 2+ fat accumulation and 
areas of hepatocyte death - arrowed (top right), while one from a HMCDE + PRZ fed mouse 
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showed 1+ fat accumulation and reduced liver cell death (bottom left). The liver section from a 
representative HMCDE + 60HDA fed animal showed focal (F+) fat accumulation and minimal 
necrosis (bottom right). 

b) Fat Score. Compared to mice fed- control diets (CMCD), the HMCDE and HMCDE + PRZ 
groups had more fat (*P < 0.0004). The HMCDE +60HDA treated group had significantly less fat 
than the HMCDE alone group (#p<0.0001). 

c) Necrosis score. Compared to controls (CMCD), ail HMCDE-fed groups had more necrotic 
hepatocytes (*P < 0.01), but compared to mice that were fed the HMCDE diet alone, the numbers 
of necrotic hepatocytes were reduced in HMCDE + PRZ fP < 0.05) or HMCDE + 60HDA 

(*i?< 0.05). 

' d. Serum alanine aminotransferase (ALT). Senim levels of ALT, a marker of liver injury, were 

I 

increased in ail HMCDE-fed groups compared to CMCD controls (*P< 0.01). Compared to 
HMCDE-fed mice, mice treated wi* HMCDE +PRZ or HMCDE +60HDA had lower ALT levels 
(*P< 0.03). 

Figure 4. Effect of SNS inhibition on the numbers of hepatic progenitors in livers 

i 

with diet-induced damage. 

a) Immunohistochemistry for oval cells, in representative mice that were fed control diet (CMCD) 
(top left), HMCDE (top right), HMCDE diet + PRZ (bottom left) or HMCDE + 60HDA (bottom 
right). Oval cells are stained brown. 

b) The numbers of oval cells were increased in all HMCDE-fed groups compared to CMCD 
controls (*P< 0.0001). Both groups treated with SNS inhibitors had more oval cells than mice that 
were fed HMCDE diets alone (*/><0.001). 

c) When putative bone marrow-derived hepatic progenitors (i.e., LI>r ve /rhy-l +ve ) are quantified by 
flow cytometry, livers from groups treated with HMCDE + PRZ or HMCDE + 60HDA contain 
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more of these cells than CMCD controls (*P<0.01), although HMCDE feeding alone did not 
expand this compartment. Compared to mice fed HMCDE diets alone, mice fed HMCDE +PRZ or 
HMCDE + 60HDA bad more LIN^/Thy-l - *" cells <* P< 0.03 and < 0.05, respectively). 

Figure 5 

Oval cells express Alpha-1 adrenoceptors 

a) Immunohistocheinistry for alpha-1 adrenoceptors on bile duct type cytokeratin-positive oval cells 
in a liver section from a representative mice fed HMCDE. Oval cells expressing alpha-1 
adrenoceptors are, stained brown, b) Immunofluorescence studies confirms the co-localisation of 
;. alpha-1 adrenoceptors on bile duct type cytokeratin-positive oval cells. Without the primary 
antibodii binding of the.gecondary antibodies was negligible (not shown). Alpha-1 adrenoceptors 
- red, cytokeratins -green, co-localization - yellow. 
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Figure 2a 
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Figure 2b 
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Figure 3 a 
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Figure 3b 
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Figure 3c 
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Figure 3d 
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Figure 4a 
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Figure 4c 
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b) Immunofluorescence confirmation of Oval cells expression of alpha-1 
adrenoceptors. 
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AH publications, patents and patent applications (including US provisional applications 60/458,644 filed 
3/28/03 and 60/458,450 filed 3/28/03), and disclosed herein are incorporated into this application by 

reference in their entirety. 



The sympathetic nervous system (SNS) nerve terminals contain both Norepinephrine (NE) plus NPY and other molecules. 
Prazosin blocks only the alpha -1 adrenoceptor mediated effects of NE. 

6-OHDA (6-hydroxy dopamine) however depletes the SNS nerve terminals of NPY and NE. Therefore, that a larger number 
of oval cells and bone marrow derived progenitor cells are seen with 6 0HDA treatment suggests that NPY is inhibitory and 
that removing NPY removes this inhibition and leads to larger numbers of liver stem cells. 



WO 2004/084904 



37 



PCT/GB2004/001323 



Recovery from liver damage might be enhanced by encouraging repopulation of the Hver by 
endogenous hepatic progenitor cells. Bone marrow-derived progenitors may differentiate into oval 
cells - resident hepatic stem cells that promote liver regeneration and repair. Little is known about 
the mediators that regulate the homing or accumulation of these cells in the liver. The sympathetic 
nervous system (SNS) innervates bone marrow, and adrenergic inhibition mobilizes hematopoeitic 
precursors into the circulation. Thus, we hypothesized that SNS inhibition would promote hepatic 
accumulation of progenitor cells and reduce liver damage in mice fed anti -oxidant depleted diets to 
induce liver injury. Our results confirm this hypothesis. Compared to control mice that were fed 
only the antioxidant depleted diets, mice fed the same diets with Prazosin (PRZ, an alpha- 1 
adrenoceptor antagonist) or 6-Hydroxydopamine (6-OHDA, an agent that induces chemical 
sympathectomy), had significantly increased numbers both of oval cells and putative bone marrow- 
derived hepatic progenitors. Increased hepatic progenitor cell accumulation was accompanied by 
less hepatic necrosis and steatosis, lower serum aminotransferases, and greater liver and whole body 
weights. Neither PRZ nor 6-OHDA affected the expression of cytokines, growth factors or growth 
factor Teceptors that are known to regulate progenitor, cells. In conclusion, stress-related 
sympathetic activity modulates progenitor cell accumulation in damaged livers and SNS blockade 
with alpba-adrenoceptor antagonists enhances hepatic progenitor cell accumulation and improves 
recovery from liver damage. - 

Abbreviations: . „ ^ T ^ AN TY 

Sympathetic Nervous System (SNS), Prazosin (PRZ), 6-Hydroxydopamine (6-OHDA), Hepatic 

Progenitor Cell (HPQ, Autonomic Nervous System (ANS), Norepinephrine (NE), Natural Killer T 
(NK-T) cells, Half Methionine-Choline Deficient plus Ethionine (HMCDE), Control Methionine 
Choline Diet (CMCD), Stem Cell Factor (SCF), Interleukin (IL), Leukaemia Inhibitory Factor 
(LIF), Granulocyte-Macrophage Colony Stimulating Factor (GM-CSF), Granulocyte Colony 
- Stimulating Factor (G -CSF), Vascular Endothelial Growth Factor (VEGF), Hepatocyte Growth 
Factor (HGF). 
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The liver's progenitor cell compartment is activated if the resident mature hepatocytes reach a 
critically low number, such as after severe hepatic injury, or if the mature hepatocytes are prevented 
from dividing by hepatotoxic drugs (1). One hepatic progenitor ceil (HPC) compartment, the oval 
cells, arc resident within the liver's canals of Herring - the terminal branches of the biliary tree. 
The source of oval cells themselves is debated but there is some evidence that they may be derived 
from pluripotent progenitors that reside in the bone marrow (2). The factors involved in expanding 
hepatic progenitor cell populations within the liver are not well understood. The identification of 
such factors is an important therapeutic goal because they may be useful to support patients with 
acute liver failure until a suitable organ is found for transplant Indeed, if successful, targeted 
expansion of endogenous HPC may even obviate the need for orthotopic liver transplantation. 

Emerging evidence suggests that the autonomic nervous system (ANS) may regulate the 
accumulation of HPC in the liver. The parasympathetic nervous system appears to promote this 
process because vagotomy reduces the expansion of HPC numbers in rats with drug induced 
hepatitis. Similarly, after transplantation (which surgically denervates the liver), human livers that 
develop hepatitis have fewer HPC than native, fully innervated livers, with similar degrees of liver 
injury (3). The decreased accumulation of HPC in transplanted livers may alter their regenerative 
response to injury because the rate of fibrosis is often accelerated in liver transplant recipients with 
. chronic hepatitis (4). 

Although the sympathetic nervous system (SNS) is known to modulate both liver 
regeneration (5) and hepatic fibrogenesis (6,7) it is not known if these effects reflect the ability of 
the SNS to influence HPC accumulation in injured livers. Thus, the aim of the present study was to 
test the hypothesis that the SNS affects the expansion of HPC. We used established models of HPC 
accumulation involving administration of anti-oxidant depleted diets plus ethionine to cause liver 
injury and inhibit mature hepatocyte replication (8). We then manipulated the SNS by adrenoceptor 
antagonism with prazosin (PRZ) or chemical sympathectomy with 6-hydroxydopamine (6-OHDA), 
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in order to reduce the activity or production .of the SNS neurotransmitter, norepinephrine (NE). 
HPC numbers in control and SNS-inhibited livers were analysed by both flow cytometry and 
immunohistochemistry (9,3) . Because the SNS is known to promote the hepatic accumulation of 
natural killer T (NK-T) cells (10), liver NK-T cells were evaluated concurrently to monitor the 
physiological efficacy of SNS inhibition. Our results demonstrate that SNS inhibition significantly 
enhances the accumulation of HPC and reduces liver injury. This suggests that adrenoreceptor 
blockade might be used therapeutically to expand HPC and promote liver regeneration in 
circumstances that prevent the replication of mature hepatocytes. 
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Materials and Methods 
Animals 

C57BL-6 mice, 10-18 weeks old, were from Jackson Laboratory {Bar Harbor, ME). 



Diets and Drugs 

The diet was a modification of die half-choline deficient diet (ICN, Aurora, OH) that has 
been shown to cause hepatic accumulation of HPC within 2 weeks (8). In addition to choline 
deficiency the diet used here was also 50% deficient in methionine to enhance oxidative injury to 
the liver. This diet was administered with ethionine (0.15%) in drinking water (8) and the 
combination treatment is referred to as half methionine choline deficient diet plus ethionine 
(HMCDE) hereafter. The control methionine choline diet (CMCD) was also from ICN. Prazosin 
(PRZ) and DL-Ethionine (E) were from Sigma, St Louis, MO). 

Chemical Sympathectomy 

Chemical sympathectomy was achieved by intra-peritoneal (IP) injection of 6- 
Hydroxydopamine (6-OHDA) lOOmg/kg for 5 consecutive days as described (11). Thereafter, 6- 
OHDA was administered at lOOmg/kg i.p-, three times per week to ensure continued 
sympathectomy (7). The dose and dosing regimen for 6-OHDA has been previously shown to 
virtually deplete norepinephrine in rodent tissues (7,1 1). 

Experimental Design 

Mice were divided into 4 groups, with each group containing 10 to 12 animals. Group 1 - 
Control diet; Group 2 - HMCDE plus saline i.p.; Group 3 - HMCDE plus prazosin in drinking 
water; Group 4 - HMCDE plus 6-OHDA i.p. Experiments were performed on 2 separate occasions. 
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Therefore, final results are derived from -100 mice (10-12 mice/group/experiment x 2 
experiments). 

All mice were weighed at the beginning of me feeding period and weekly thereafter until 
killed. At the time of sacrifice, sera were collected from all the animals in each group and liver 
tissue from half the animals in each group. Collected liver tissues were either fixed in buffered 
formalin, preserved in OCT compound (Sakura, Torrance, CA) and processed for histology or snap 
frozen in liquid nitrogen and stored at -80 °C until RNA was isolated. The livers from the remaining 
animals in each group were prepared for flow cytometry as described below. Ail experiments 
satisfied the Guidelines of our institutions Animal Care Committees and the National Institutes of 
Health, USA. 



Histology 

Wedges of liver from each of the mice were prepared for histology and immunochemistry as 
we have described previously (3,12). For histology, tissues were formalin fixed, paraffin embedded 
and 5-micron sections were stained with hematoxylin and eosin (H&E). Coded samples were 
examined by an experienced liver pathologist who was blinded to treatment groups. Hepatocellular 
fat accumulation was scored as, no fat - 0, focal fat accumulation in < 1% of me hepatocytes - F, 
" fat in 1-30% of the hepatocytes = 1+, fat in 31-60% of the hepatocytes = 2+, and fat in 61-100% of 
the hepatocytes = 3+. To evaluate the amount of hepatocyte necrosis, the number of necrotic 
hepatocytes was counted in 10 randomly selected fields with a 20X lens. 

Immunohistochemistry 

Immunohistochemical analysis of HPC was performed with a mouse monoclonal OV6-type 
antibody (a kind gift from Dr Stuart Sell, Albany Medical College, Albany, NY) reacting with 
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cytokeratins 14 and 19; a rabbit polyclonal antibody against 56 and 64 kD human callus 
cytokeratins (Dako, Denmark) and a rat monoclonal antibody to cytokeratin 19 as described 
(3,13,14). 

Details of the staining procedures are as we have detailed previously (3,14). Briefly, 4 um 
thick paraffin sections were deparaffinized and rehydrated, followed by heating in a microwave 
oven for 10 minutes at 750 Watt in citrate buffer, pH 6.0. Incubation with the primary antibodies 
was performed at room temperature for 30 minutes. Mouse monoclonal OY6 antibody and rat anti- 
cytokeratin 19 were detected using the DAKO Animal Research Kit, peroxidase (Dako, Denmark). 
The rabbit polyclonal antibody against 56 and 64 kD human callus cytokeratins was detected by 
anti-rabbit Envision (Dako, Denmark) as described previously (14). 

HPC were defined as small cells with an oval nucleus and little cytoplasm. These cells 
occur either singularly or organized in arborizing, ductular structures. They have strong reactivity 
for liver type cytokeratins, OV-6 and bile duct type cytokeratin 19 (3,13,14). 

To evaluate the effect of treatments on the HPC compartment, coded samples were 
examined by an experienced liver pathologist blinded to treatment groups. For each liver section, 
the number of HPC in 5, randomly selected, non-overlapping, high power (x40 objective) fields was 
counted. Interlobular bile ducts, were defined as bile ducts with a lumen, associated with a branch 
- of the hepatic artery. Interlobular bile ducts were not considered progenitor cells and, thus, were not 
counted as such. 

The presence of alpha- 1 adrenergic receptors on HPC was detected on frozen sections using 
a rabbit polyclonal anti-alpha 1 adrenergic receptor antibody (scl0721, Santa Cruz Biotech, Santa 
Cruz, CA, dilution 1/20), followed by undiluted anti-rabbit Envision (Dako, Denmark). For 
immunofluorescence studies, the anti-alpha- 1 adrenergic receptor antibody was combined with a 
polyclonal antibody against 56 and 64 kDa human callus cytokeratins (Dako, Denmark; dilution 
1:100). The primary antibodies were applied sequentially and subsequently detected with swine- 
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antirabbit FITC or TRITC conjugates. In controls sections primary antibodies were omitted. All 
stainings were performed on 4 representative sections. 

Serum Markers of Liver Injury 

. Sera from all the animals were analysed for alanine aminotransferase (ALT) activity by the 
Clinical Chemistry Laboratory of the Johns Hopkins Hospital. 

RNA isolation and Ribonuclease Protection Assay 

Total RNA was isolated from frozen liver samples according to the method of Chomczynski 
and Sacchi (15) as we have described (16). RNA concentration was determined by optical density 
and quality was assessed by agarose gel electrophoresis and ethidium bromide staining. 
Commercial ribonuclease protection assay (RPA) kits with probes for murine cytokines 
(PharMingen, San Diego, CA) were used to evaluate factors that might be involved in the 
recruitment and expansion of HPC after liver injury. The factors studied were Stem Cell Factor 
(SCF), Hepatocyte Growth Factor (HGF), Interleukin-7 (IL-7), IL-1 1, Leukaemia Inhibitory Factor 
(LIF), Granulocyte-Macrophage Colony Stimulating Factor (GM-CSF), Granulocyte Colony 
Stimulating Factor (G-CSF), Vascular Endothelial Growth Factor (VEGF), and its receptors, 
VEGFR1 and VEGFR3. Details of the RPA are as we have described previously (14). 

Flow Cytometry 

The hepatic non-parenchymal cell fraction, which contains the oval cell population and the 
NK-T cell populations, were isolated by previously described techniques (9,16). Briefly, livers 
were carefully removed and homogenized in StomacherSO (Seawood, England). The homogenate 
was then passed through a 100-micron wire mesh and liver cells were collected by centrifugation at 
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450g. Mononuclear cells weie purified from this fraction by centrifugation at 900g over 35% 
Percoll gradients (Amersham Pharmacia Biotech) and incubated with normal mouse serum (Sigma, 
St Louis, MO) and Fc-receptor block (anti-CD 16/CD32) to prevent non-specific binding, plus APC- 
conjugated anti-mouse Thy- 1.2 (the C57BL-6 form of the Thy-1 antibody) and antibodies directed 
against hematopoeitic lineage markers (LIN, a mix of anti-mouse CD4, CD8, CD3, CD45, CD19, 
Mac-1, Gr-1, Terll9). For NK-T cell labeling, the mononuclear cells were incubated with FITC- 
conjugated anti-mouse NK-1.1 and PE-conjugated anti-mouse CD3. All antibodies were from 
Pharmingen except anti-mouse Terl 19, which was from Cedarline lab, Canada. After incubation, 
pellets were washed to remove unbound antibodies, fixed with 2% formaldehyde and evaluated by 
FACS (Becton Dickenson). As described (2, 9) LXN'^OTiy-l^ cells, were classified as putative 
bone marrow-derived, hepatic progenitor cells. Data was analyzed by Cell Quest software (Becton 
Dickenson) to determine changes in these cell populations in different treatment groups. 

Statistical Analysis 

All values are expressed as mean ± SEM. The group means were compared by unpaired t-test or 
ANOVA using Graphpad Prism 3.03 (San Diego, CA). 
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Results 

• To determine the gross effects of the diets on our experimental animals, the weights of the 
animals at the start and end of the experiments were compared. Mice fed the control diet gained a 
mean of 3g (12% of starting body weight) during the course of the study (Fig. 1). In contrast, mice 
fed the HMCDE diet lost a mean of 3 g (12% of starting body weight). Mice fed the HMCDE diet 
in the presence of PRZ or 6-OHDA, however, only lost a mean of 2 g (7% and 8% of starting body 
weight). Therefore, SNS inhibition slightly, but significantly, attenuates the weight loss that occurs 
during consumption of antioxidant-depleted diets. 

The treatments also influenced liver mass (Fig. 2a, b). In mice with an intact SNS, as well 
as in those treated with SNS inhibitors, the HMCDE diet caused an increase in liver mass (Fig. 2a), 
as well as liver/body mass ratio (Fig. 2b) above that of the control diet. Increases in both 
parameters tended to be greater in mice that were treated with SNS inhibitors/but the differences in 
liver mass achieved statistical significance only for the HMCDE + PRZ treated group. Thus, 
although SNS inhibition reduced diet-related loss of body mass, it tended to enhance diet-induced 

■ 

hepatomegaly. 

Liver histology confirms that, as expected, HMCDE diets caused hepatic steatosis and 
necrosis (Fig. 3arc). Histologic evidence of liver injury was accompanied by significant increases 
in serum ALT values (Fig. 3d). Treatment with 6-OHDA, but not PRZ, significantly reduced the fat 
score (Fig. 3b). However, both SNS inhibitors significantly reduced hepatic necrosis (Fig. 3c) and 
serum ALT values (Fig. 3d). These findings demonstrate that PRZ and 6-OHDA-related increases 
in liver mass occured despite improvements in hepatic steatosis (6-OHDA) and/or necrosis (PRZ 
and 6-OHDA) and suggest that SNS inhibition might improve liver regeneration. 

Diet induced liver injury itself elicits a compensatory regenerative response, as evidenced by 
the accumulation of HPC in control mice that were fed the HMCDE diet The increased HPC were 
demonstrated hnmunohistochemically by an increase in the numbers of bile duct type cytokeratin - 
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positive oval cells (Fig- 4a, b) and by flow cytqmetiy quantification of bone marrow lineage marker 
negative (LIN 8-) cells that expressed Thy 1.2 (Fig. 4c). SNS inhibition with either PRZ or 6- 
OHDA significantly augments diet-induced HPC expansion by both assays (Fig- 4a-c). The hepatic 
accumulation of HPC is a fairly specific consequence of SNS inhibition because, as expected (10), 
the numbers of NK-T cells in the livers of HMCDE-treated mice (8 ± 1% liver mononuclear cells) 
decrease significantly after treatment with either PRZ (3.5 ± 0.5%, P < 0.05) or 6-OHDA (3.6 ± 
0.6%, P < 0.05). Given that SNS inhibition also reduces HMCDE-induced liver injury (Fig. 3) and 
stabilizes body weight (Fig. 1), it seems unlikely that SNS inhibition generates a greater 
requirement for hepatic HPC accumulation. Rather, these findings suggest to us that HPC expansion 
might contribute to the hepatoprotective effects of SNS inhibition. 

Other groups have shown that the hepatocyte mitogen, hepatocyte growth factor (HGF), 
induces oval cell proliferation, promotes liver regeneration and protects the liver from 
hepatotoxicity (17). Given the similarities between the effects of SNS inhibition and HGF, it was 
important to . determine if SNS inhibition increased hepatic HGF expression. Consistent with other 
reports that liver injury induces compensatory expression of HGF and other factors that promote 
regeneration (18), we found that treatment with HMCDE increased the hepatic expression of HGF 
more than 2 fold above control (P < 0.04 versus CMCD) - data not shown. However, SNS 
. inhibition with PRZ or 6-OHDA did not augment this response. Therefore, the hepatoprotective 
effects of SNS inhibition are not easily explained by HGF induction, although our studies do not 
exclude the possibility that SNS inhibition sensitizes the liver to HGF actions. 

Oval cells and bone marrow-derived hepatic progenitors express c-kit, the receptor for stem 
cell factor (SCF) (9). Other cytokines, such as interleukin (IL>7 and LIF, may also promote 
progenitor cell accumulation in injured tissues because after cardiac injury, these factors help to 
recruit bone marrow-derived stem cells to the injured heart (19). IL-6 is expressed by bone marrow 
derived cells in regenerating livers (20) and this cytokine has an important hepatoprotective effect 
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because mice that are genetically deficient in IL-6 exhibit inhibited liver regeneration after partial 
hepatectomy (21). Other cytokines, such as G-CSF, that signal through gp-130 receptors may be 
able to compensate for IL-6 deficiency and promote regeneration when the latter cytokine is 
deficient (22). Vascular endothelial growth factor (VEGF) may also play some role in the expansion 
of HPC because it is a growth factor for hematopoietic stem cells, which express VEGF receptors 
(22). To begin to clarify the mechanisms, by which SNS inhibition enhances HPC accumulation in 
injured livers, we evaluated the effects of SNS inhibition on the hepatic expression of G-CSF, GM- 
CSF, IL-6, IL-7, IL-1I, LIF, SCF, VEGF and its receptors VEGFR1 and 3. RPA of whole liver 
RNA was used to compare the expression of these factors in control (CMCD) mice and mice treated 
with HMCDE plus or minus SNS inhibitors. No appreciable GM-CSF, IL-6, IL-7, flu-11, SCF or 
LIF expression could be demonstrated by this assay (data not shown). HMCDE-treatment, however, 
increased G-CSF expression about 2 fold, regardless of SNS inhibition (P < 0.05 all HMCDE 
groups versus CMCD). VEGF and its receptors were expressed in both control and all HMCDE- 
treated mice, but SNS inhibition did not alter the expression of these factors (data not shown). 
Thus, although these experiments do not exclude the possibility that the expression of one or more 
of these factors may have changed in some small population of liver cells after SNS inhibition, 
these progenitor cell trophic factors do not appear to be the major targets for SNS regulation. . 

To determine if the effects of SNS inhibition on the HPC compartment might be mediated 
via direct interaction between NE and adrenoceptors on HPC, we used immunohistochemistry to 
determine if HPC express alpha- 1 adrenoceptors. Our results show that bile duct type cytokeratin- 
positive oval ceils do express apha-1 adrenoceptors (Fig. 5a,b). Therefore, direct regulation of this 
HPC compartment by NE is plausible. 
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Discussion 

Critical shortages of donor livers for orthotopic liver transplantation have become a major 
limiting factor in efforts to reduce mortality of patients with end-stage liver disease (24). Therefore, 
alternative strategies to replace severely damaged livers must be developed. Studies in mice with 
massive toxin-induced liver injury have demonstrated that liver cell transplantation can effectively 
regenerate the liver (reviewed in (25). Hence, many groups are working to optimize cell 
transplantation strategies. An alternative, but complementary, approach that might be used to 
enhance regeneration of injured livers involves treatment to encourage repopulation of the liver by 
endogenous hepatic progenitors. The general feasibility of this strategy is supported by recent 
evidence that the administration of cytokine mixtures to mobilize native, bone marrow-derived 
progenitor cells heals experimentally-induced myocardial infarcts in mice (19). However, although 
certain bone marrow cells can differentiate into oval cells (2) and mature hepatocytes (26), the 
relative importance of bone marrow-derived progenitors, as opposed to resident hepatic progenitors 
(i.e. oval cells) and mature hepatocytes for liver regeneration remains uncertain (25). Moreover, 
even if certain progenitor cell populations do contribute to recovery from liver injury, little is 
known about the mediators that regulate their accumulation within the liver. Therefore, the 
identification of these factors is an important first step in the development of treatments that seek to 
expand hepatic progenitor cell populations. 

Presumably, endogenously produced factors that induce the hepatic accumulation of liver 
progenitor cells are increased, to some extent, during liver damage because regenerative responses 
are evident in most injured livers (18). However, other factors that increase during injury might 
inhibit progenitor cell expansion and this would compromise reconstruction of a healthy organ, if 
the progenitors play a role in liver regeneration. Thus, one way to enhance recovery from liver 
injury might be to neutralize the actions of endogenous factors that limit the expansion of native 
HPC populations. To explore the validity of this concept, we studied mice that were treated with 
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half strength, methionine/choline deficient diets supplemented with ethionine (HMCDE), because 
this murine model of liver injury is known to increase hepatic oval cells (8). Our results show that 
stress-related SNS activity is one of the endogenous factors that, modulate HPC accumulation in 
damaged livers. However, the mechanisms for this remain uncertain because we found no effect of 
SNS inhibition on several factors that are thought to promote progenitor cell accumulations. 

On the other hand, at least one mechanism that regulates the accumulation of oval cells in 
the livere of choline deficient mice has been reported. Fausto and colleagues showed that TNF-a 
increases in mice that are fed choline-deficient diets and demonstrated that proliferating hepatic 
ovat cells produce this cytokine (27). Moreover, they found that TNF-a is required for oval cell 
expansion because this response is abrogated by genetic disruption of TNFR1. Their observations 
are particularly intriguing because TNF-a and TNFR1 are necessary for liver regeneration after 
partial hepatic resection and other types of liver injury (28,29). Although we did not evaluate 
potential interactions between TNF-a and the SNS in our model, wort: in many other systems 
demonstrates clear evidence for cross talk between signaling mechanisms that are activated by 
TNF-a and those that are modulated by sympathetic neurotransmitters, such as NE (reviewed in 
(30). 

At the very least, these interactions may explain our observation that PRZ and 6-OHDA 
reduced HMCDE-induced liver injury, because NE inhibits cytokine inducible nitric oxide (NO) 
production in hepatocytes and NO protects hepatocytes from TNF-toxicity (31). Thus, NE 
promotes TNF-a-mediated hepatotoxicity and agents that block NE generally inhibit this (32). 
Whether or not NE-TNFa interactions influence HPC expansion has not been investigated, but 
merits evaluation because NE regulates TNF production and vice versa (30, 33-36). Thus, given 
that cytokine-neurotransmitter interactions influence liver injury and SNS-regulated cytokines 
modulate both oval cell expansion and liver regeneration, SNS inhibition may promote HPC 
accumulation and recovery from liver injury indirectly, by effecting cytokine activity. 
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Theoretically, neurotransmitters may also promote HPC expansion by directly interacting 
with their receptors on ovai cells or their precursors. Such direct effects have been demonstrated for 
at least one SNS neurotransmitter, NPY 3 which interacts with its receptors on neuronal progenitors 
to induce their proliferation (37). Although we have shown here that oval cells express apha-1 
adrenoceptors, it remains to be seen if their putative bone marrow-derived progenitors also express 
such receptors. It is tempting to speculate, however, that SNS manipulation might have exerted a 
direct effect on one or more of the HPC populations, because the bone marrow receives SNS 
innervation (38,39) and adrenoceptors have been demonstrated on certain types of bone marrow 
derived progenitor ceils (38,40). Moreover, treatment of mice with PRZ or 6-OHDA mobilizes bone 
marrow-derived hematopoietic progenitors into the circulation (38,40), suggesting that 
injury /'inflammation-related increases in NE might normally limit accumulation of HPC. If so; then 
SNS inhibition would be expected to dis-inhibit this process, permitting expansion of HPC 
populations within damaged livers. The observation that treatment with PRZ or 6-OHDA increased 
hepatic accumulation of Thy-i expressing cells that lack appreciable surface markers for the 
hematopoietic lineage is consistent with this hypothesis because Petersen et al have demonstrated 
that such cells can be isolated from the bone marrow of adult rats and induced to differentiate into 
hepatic oval cells (2). 

Despite these uncertainties about the mechanism(s) through which SNS inhibition promotes 
HPC expansion, the observation that this process can be induced by PRZ, a widely available, 
relatively safe, oral agent, has potential therapeutic implications. In our study, PRZ treatment was 
well tolerated - none of the PRZ-treated mice died and most developed less cachexia, as well as less 
liver necrosis and more liver regeneration, than the liver disease controls. These findings 
complement those of an earlier study which demonstrated that PRZ prevents the development of 
cirrhosis in carbon tetrachloride-treated rats (7). Taken together, these results suggest that alpha 
adrenoceptor blockade might be an effective strategy to arrest liver disease progression. 
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Figure Leeends 

Figure 1. Effect of control and antioxidant-depleted diets on body weight. 

Mean + SEM body weights of mice before and after 4 weeks of feeding. Only mice fed the control 
diet (CMCD) gained weight (* P< 0.04 vs baseline); all groups that were fed half methionine 
choline deficient diets (HMCDE) lost weight (*P<0.001 for post- versus pre-HMCDE, P< 0.008 for 
post- versus pre-HMCDE + PRZ, P< 0.03 for post- versus pre- HMCDE + 60HDA). However, 
HMCDE +PRZ and HMCDE + 6 OHDA groups lost less weight than the HMCDE group 
(*J°<0.05). 

Figure 2. Effect of SNS inhibition on liver mass in mice with diet-induced liver 
damage* 

a) Compared to mice fed control diets (CMCD), absolute liver mass was greater in all groups fed 
HMCDE diets (*JP < 0.0 1). Absolute liver mass in the HMCDE + PRZ group was greater than the 
group fed HMCDE alone (* P < 0.04). 

b) Liver/body weight ratios also increased on HMCDE diets (*P < 0.02 for all groups versus 
CMCD) and tended to be greater in HMCDE-treated mice that received SNS inhibitors, although 
the difference between these groups and those fed HMCDE diets alone did not achieve statistical 
significance. 

Figure 3. Effect of SNS inhibition on diet-induced livjer injury* 
a) Liver Histology. Images were captured with a 25X lens. Hematoxylin and eosin stained sections 
of representative mice that were fed control diet (CMCD) (top left) showed no fat accumulation or 
necrosis. A section from a representative HMCDE fed animal showed 2+ fat accumulation and 
areas of hepatocyte death - arrowed (top right), while one from a HMCDE + PRZ fed mouse 
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showed 1+ fat accumulation and reduced liver cell death (bottom left). The liver section from a 
representative HMCDE + 60HDA fed animal showed focal (F+) fat accumulation and minimal 
necrosis (bottom right). 

b) Fat Score. Compared to mice fed control diets (CMCD), the HMCDE and HMCDE + PRZ 
groups had more fat (*P < 0.0004). The HMCDE +60HDA treated group had significantly less, fat 
than the HMCDE alone group (#p<0.0001). 

c) Necrosis score. Compared to controls (CMCD), all HMCDE-fed groups had more necrotic 
hepatocytes (*P < 0.01), but compared to mice that were fed the HMCDE diet alone, the numbers 
of necrotic hepatocytes weTe reduced in HMCDE + PRZ fP < 0.05) or HMCDE + 60HDA 
(*F<0.05). 

a\ Serum alanine aminotransferase (ALT). Serum levels of ALT, a marker of liver injury, were 
increased in all HMCDE-fed groups compared to CMCD controls (*P< 0.01). Compared to 
HMCDE-fed mice, mice treated with HMCDE +PRZ or HMCDE +60HDA had lower ALT levels 
(*P<0.03). 

Figure 4. Effect of SNS inhibition on the numbers of hepatic progenitors in livers 
with diet-induced damage. 

a) Immunohistochemistry for oval cells, in representative mice that were fed control diet (CMCD) 
(top left), HMCDE (top right), HMCDE diet +■ PRZ (bottom left) or HMCDE + 60HDA (bottom 
right). Oval cells are stained brown. 

b) The numbers of oval cells were increased in all HMCDE-fed groups compared to CMCD 
controls (*P< 0.0001). Both groups treated with SNS inhibitors had more oval cells than mice that 
were fed HMCDE diets alone (^O.OOl). 

c) When putative bone marrow-derived hepatic progenitors (i.e., LIN'^/Thy-l* 70 ) are quantified by 
flow cytometry, livers from groups treated with HMCDE + PRZ or HMCDE + 60HDA contain 
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more of these cells than CMCD controls (*P<0.01), although HMCDE feeding alone, did not 
expand this compartment. Compared to mice fed HMCDE diets alone, mice fed HMCDE +PRZ or 
HMCDE + 60HDA had more LIN~ v 7Thy-l +ve cells ( # P< 0.03 and < 0.05, respectively). 

Figure 5 

Oval cells express Alpha-1 adrenoceptors 

a) Immunohistochemistry for alpha-1 adrenoceptors on bile duct type cytokeratin-positive oval cells 
in a liver section from a representative mice fed HMCDE, Oval cells expressing alpha-1 
adrenoceptors are stained brown, b) Immunofluorescence studies confirms the co-localisation of 
alpha-1 adrenoceptors on bile duct type cytokeratin-positive oval cells. Without the primary 
antibodies, binding of the secondary antibodies was negligible (not shown). Alpha- 1 adrenoceptors 
- red, cytokeratins —green, co-localization - yellow. 



WO 2004/084904 



59 



PCT/GB2004/001323 




WO 2004/084904 



60 



PCT/GB2004/001323 



Figure 2a 
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Figure 2b 
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Figure 3 a 
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Figure 3b 
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Figure 3c 
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Figure 4c 
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Figure 5 

a) Oval cells express alpha-1 adrenoceptors. 
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b) Immunofluorescence confirmation of Oval cells expression of alpha-1 
adrenoceptors. 
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Recovery from liver damage might be enhanced by encouraging repopulation of ihe liver by endogenous hepatic 
progenitor cells. Oval cells are resident hepatic stem cells that promote liver regeneration and repair. Little is 
known about the mediators that regulate the accumulation of these cells in the liver. Parasympathetic nervous 
system inhibition reduces the number of oval cells in injured livers. The effect of sympathetic nervous system 
(SNS) inhibition on oval cell number is not known. Adrenergic inhibition mobilizes hematopoeitic precursors 
into the circulation and has also been shown to promote liver regeneration. Thus, we hypothesized that SNS 
inhibition would promote hepatic accumulation of oval cells and reduce liver damage in mice fed anti-oxidant 
depleted diets to induce liver injury. Our results confirm this hypothesis. Compared to control mice that were 
fed only the anti-oxidant depleted diets, mice fed the same diets with prazosin (PRZ, an alpha-1 adrenoceptor 
antagonist) or 6-hydroxydopamine (6-OHDA, an agent that induces chemical sympathectomy) had significantly 
increased numbers of oval cells. Increased oval cell accumulation was accompanied by less hepatic necrosis and 
steatosis, lower serum aminotransferases, and greater liver and whole body weights. Neither PRZ nor 6-OHDA 
affected the expression of cytokines, growth factors or growth factor receptors that are known to regulate 
progenitor cells. In conclusion, stress-related sympathetic activity modulates progenitor cell accumulation in 
damaged livers and SNS blockade with alpha-adrenoceptor antagonists enhances hepatic progenitor cell 
accumulation. 
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The liver's progenitor cell compartment is activated if mature hepatocytes reach a critically low number, such as 
after severe hepatic injury, or if the mature hepatocytes are prevented from dividing by hepatotoxic drugs (1). 
One hepatic progenitor cell (HPC) compartment, the oval cells, is resident within the liver's canals of Herring - 
the terminal branches of the biliary tree. The source of oval cells is debated. Because transplanted bone marrow 
cells can rescue experimental animals from liver failure by reconstituting lethally-damaged livers (2, 3), and oval 
cells express hematopoeitic markers (4-6), some have argued that oval cells may be derived from pluripotent 
progenitors that reside in the bone marrow (2, 3). It is possible, however, that oval cells are a truly unique 
population of HPC, and oval cell expression of hematopoetic markers (4-6) may not be indicative of their 
lineage. In any case, the factors involved in expanding HPC populations within the liver are not well understood. 
The identification of such factors is an important goal because they may be useful to support patients with liver 
failure until a suitable organ is found for transplant. Indeed, if successful, targeted expansion of endogenous 
HPC may even obviate the need for orthotopic liver transplantation. 

The autonomic nervous system (ANS) may regulate the accumulation of HPC in the liver. The 
parasympathetic nervous system promotes this process because vagotomy reduces HPC in rats with drug- 
induced hepatitis. Similarly, after transplantation (which surgically denervates the liver), human livers that 
develop hepatitis have fewer HPC than native, folly innervated livers with similar degrees of injury (7). This 
may alter the graft's regenerative response because the rate of fibrosis is often accelerated in liver transplant 

recipients with chronic hepatitis (8). 

Although the sympathetic nervous system (SNS) is known to modulate both liver regeneration (9) and 
hepatic fibrogenesis (10, 11), it is not known if these effects reflect its ability to influence HPC accumulation. 
Thus, the present study tests the hypothesis that the SNS regulates the expansion of HPC. We used established 
models of HPC accumulation involving administration of anti-oxidant depleted diets plus ethionine to cause liver 
injury and inhibit mature hepatocyte replication (12). We then inhibited the SNS by adrenoceptor antagonism 
with prazosin (PRZ) or chemical sympathectomy with 6-hydroxydopamine (6-OHDA) and used flow cytometry 
and immunohistocbemistry to compare HPC numbers in control and SNS-inhibited livers (4, 7). Because the 
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SNS is known to promote the hepatic accumulation of natural killer T (NK-T) cells (13), liver NK-T cells were 
evaluated concurrently to monitor the physiological efficacy of SNS inhibition. Our results demonstrate that 
SNS inhibition significantly enhances the accumulation of HPC and reduces net liver damage induced by 
chronic hepatotoxin exposure. 
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Materials and Methods 
Animals 

C57BL/6 mice, 10-18 weeks old, were from Jackson Laboratory (Bar Harbor, ME). 



Diets and Drugs 

The diet was a commercial, half-choline deficient diet (ICN, Aurora, OH) also 50% deficient in 
methionine, administered with ethionine (0.15%) in drinking water, to enhance oxidative injury to the liver and 
cause hepatic accumulation of oval cells within 2 weeks (12). The combination treatment is referred to as, half 
methionine choline deficient diet plus ethionine (HMCDE), hereafter. The control methionine choline diet 
(CMCD) was also from ICN. Prazosin (PRZ) and DL-Ethionine (E) were from Sigma, St Louis, MO). 

Chemical Sympathectomy 

Chemical sympathectomy was achieved by intra-peritoneal (i.p.) injection of 6-hydroxydopamine (6- 
OHDA) lOOmg/kg for 5 consecutive days (14). Thereafter, 6-OHDA was administered at lOOmg/kg i.p., three 
times per week to ensure continued sympathectomy (11). This regimen of 6-OHDA treatment depletes 
norepmephrine in rodent tissues (11,14) 

Experimental Design 

Mice were divided into 4 groups (10 to 12 mice/group): Control diet; HMCDE plus saline i.p.; HMCDE 
plus prazosin in drinking water; HMCDE plus 6-OHDA i.p. Experiments were performed on 2 separate 
occasions. Therefore, final results are derived from -100 mice (10-12 mice/group/experimentx 2 experiments). 

All mice were weighed at the beginning of the feeding period and weekly thereafter. At sacrifice, sera 
were collected from all animals and liver tissue from half the animals in each group. These livers were fixed in 
buffered formalin, preserved in OCT compound (Sakura, Torrance, CA) and processed for histology or snap 
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frozen in liquid nitrogen and stored at -80 °C until RNA was isolated. Livers from the remaining auimals were 
prepared for flow cytometry as described below. All experiments satisfied NTH and our institutional guidelines 
for humane animal care. 



Histology 

Wedges of liver were prepared for histology and immunochemistry as described (7, 15, 16). Coded, 
hematoxylin and eosin (H&E>stained sections were examined by an experienced liver pathologist blinded to 
treatment groups. Hepatocellular fat accumulation was scored as, no fat - 0, focal fat accumulation in < 1% of 
the hepatocytes - F, fat in 1-30% of the hepatocytes - 1+. fat in 31-60% of the hepatocytes = 2 + , and fat in 61- 
100% of the hepatocytes = 3+. To evaluate the amount of hepatocyte necrosis, the number of necrotic 
hepatocytes was counted in 10 randomly selected fields with a 20X lens. 



Jramunohistochemistry 

Inmiunohistochemical analysis of HPC was performed with a mouse monoclonal OV6-type antibody (a 
gift from Dr Stewart Sell, Albany Medical College, Albany, NY) reacting with cytokeratins 14 and 19; a rabbit 
polyclonal antibody against 56 and 64 kD human callus cytokeratins (Dako, Denmark) and a rat monoclonal 

aatibody to cytokeratin 19 (7, 15, 17). 

Details of the staining procedures are as we have detailed (7, 15). Incubation with the primary antibodies 
was performed at room temperature for 30 minutes. Mouse monoclonal OV6 antibody and rat anti-cytokeratin 
19 were detected using the DAKO Animal Research Kit, peroxidase (Dako, Denmark). The rabbit polyclonal 
• antibody against 56 and 64 kD human callus cytokeratins was detected by anti-rabbit Envision (Dako, Denmark) 
as described (15). 
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Oval cells were defined as small cells with an oval nucleus and little cytoplasm. These cells occur either 
singularly or organized in arborizing, ductular structures. They have strong reactivity for liver type cytokeratins, 
OV-6 and bile duct type cytokeratin 19 (7, 15, 17). 

To evaluate the effect of treatments on the HPC compartment, coded samples were examined by an 
experienced liver pathologist blinded to treatment groups. For each liver section, the number of oval cells in 5, 
randomly selected, non-overlapping, high power (x40 objective) fields was counted. Interlobular bile ducts, were 
defined as bile ducts with a lumen, associated with a branch of the hepatic artery. Interlobular bile ducts were not 
considered progenitor cells and, thus not counted as such. 

The presence of alpha-1 adrenergic receptors on oval cells was detected on frozen sections using a rabbit 
polyclonal anti-al P ha-l adrenergic receptor antibody (sc!0721, Santa Cruz Biotech, Santa Cruz, CA, dilution 
1/20), followed by undiluted anti-rabbit Envision (Dako, Denmark). For immunofluorescence studies, the anti- 
alpha-1 adrenergic receptor antibody was combined with a polyclonal antibody against 56 and 64 kDa human 
callus cytokeratins (Dako, Denmark; dilution 1:100). The primary antibodies were applied sequentially and 
detected with swine-anti-rabbit FITC or TRITC conjugates. In control sections primary antibodies were omitted. 
All stainings were performed on 4 representative sections. 

Serum Markers of Liver Injury 

Sera were analyzed for alanine aminotransferase (ALT) activity by the Johns Hopkins Clinical Chemistry 

Laboratory. 

RNA isolation and Ribonuclease Protection Assay 

Total RNA was isolated from frozen fiver samples as described (16). RNA concentration was detennined 
by optical density and quality assessed by agarose gel electrophoresis and ethidium bromide staining. 
Ribonuclease protection assay (RPA) kits with probes for murine cytokines (PharMingen, San Diego, CA) were 



WO 2004/084904 



78 



PCT/GB2004/001323 



ored to ^M. Mo tat might be M in the reereitinen. and ^ »f HPC ^ liver injmy (16). 
The face, studied were Stem CeU Factor (SCF), Hapatocvto Grow* Factor (HGF), 0^), lIcL 

XW, Leukaemia Inhibitoty Factor (UF), (Oocyte-Macrophage Colony Stimulating Factor (GM-CSF), 

Macrophage Colony Stimulating Factor (M-CSF), Granulocyte Colon, Stimulating Factor (G-CSF), Va^ar 

Endothelial Growth Factor (VEGF), and its receptors, VEGFR1 and VEGFR3. 



Flow Cytometry 

The hepatic non-parenchymal ceU fraction, confining the oval cel. and NK-T ce.l populations, were 
isoUtod by describe tochn iq nes (4, .8,. Purified mononuclear cells were utcubated with nonna. mouse sentm 
(Sigm* St Louis, MO) and Fo-receptor block (anti-CD 16/CD32) to prevent non-specific binding, pins AFC- 
conjugated anti-moua. Thy-,,2 (the C57BL/6 form of 4. Thy-, antibody) and antibodies directed against, 
hentatopoeitic lineage markers (LIN, a mix of anu-mouae CD4, CDS. CD3, CD45, CD19, Mac-,, Gr-., Terl ,9). 
Foa NK-T ceU labeling, the mononuctear cdla were inenbated with FITC-conjngatod anti-mouse NK-1.1 and 
PE-conjngatad anti-mouse CD3. Antibodies were from Phasmingen except Teal.9 - Cedarhnc lab, Canada. 
After incubation, washed pefiete we fiaeu with 2% fcrmaldehyde ^ equated by FACS (Becton Dickenson). 
As described (2. 4) UN^/Thy-l- cells, were cUssificd aa oval cell. Date was analyzed by Cell Ones, 
software (Becton Dickenson). 

Statistical Analysis 

All values are expressed as mean ± SEM. Group means were compared by unpaired t-test or ANOVA using 
Graphpad Prism 3.03 (San Diego, CA). 
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Results 

To determine the gross effects of the diets, the weights of the animals at the start and end of the 
experiments were compared. Mice fed the control diet gained a mean of 3g (12% of starting body weight) during 
the study (Fig. 1). In contrast, mice fed the HMCDE diet lost a mean of 3 g (12% of starting body weight). Mice 
fed the HMCDE diet in the presence of PRZ or 6-OHDA, however, only lost a mean of 2 g (7% and 8% of 
starting body weight). Therefore, SNS inhibition slightly, but significantly, attenuates the weight loss that occurs 
during consumption of antioxidant-depleted diets. 

The treatments also influenced liver mass (Fig. 2a, b). In mice with an intact SNS, as well as in those 
treated with SNS inhibitors, the HMCDE diet caused an increase in liver mass (Fig. 2a), as well as liver/body 
mass ratio (Fig. 2b) above that of the control diet. Increases in both parameters tended to be greater in mice 
treated with SNS inhibitors, but the differences in liver mass achieved statistical significance only- for the 
HMCDE + PRZ treated group. Thus, although SNS inhibition reduced diet-related loss of body mass, it tended 

to enhance diet-induced hepatomegaly. 

Liver histology confirms that, as expected, HMCDE diets caused hepatic steatosis and necrosis (Fig. 3a- 
c). Histologic evidence of liver injury was accompanied by significant increases in serum ALT values (Fig. 3d). 
Treatment with 6-OHDA, but not PRZ, significantly reduced the fat score (Fig. 3b). However, both SNS 
inhibitors significantly reduced hepatic necrosis (Fig. 3c) and serum ALT values (Fig. 3d). These findings 
demonstrate mat PRZ and 6-OHDA-related increases in liver mass occurred despite improvements in hepatic 
steatosis (6-OHDA) and/or necrosis (PRZ and 6-OHDA). Diet induced liver injury itself elicits the accumulation 
of oval cells in control mice that were fed the HMCDE diet. The increased HPC were demonstrated 
immunobistochemically by an increase in the numbers of bile duct type cytokeratin-positive oval cells (Fig. 4a, 
b) and by flow cytometry quantification of bone marrow lineage marker negative (LIN 8-) cells that expressed 
Thy 1.2 (Fig. 4c). SNS inhibition with either PRZ or 6-OHDA significantly augments diet-induced oval cell 
expansion by both assays (Fig. 4a-c). The hepatic accumulation of oval cells is a fairly specific consequence of 
SNS inhibition because, as expected (13), the numbers of NK-T cells in the livers of HMCDE-treated mice (8 ± 
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1% liver mononuclear cells) decrease significantly after treatment witb either PRZ (3.5 ±0.5%, P = 0.05) or 6- 
OHDA (3-6 ± 0.6%, P = 0.05). Given that SNS inhibition also reduces HMCDE-induced liver injury (Fig. 3) 
and stabilizes body weight (Fig. 1), the net effect of SNS inhibition is beneficial in this model of chronic liver 
injury. Diverse mechanisms may contribute to the hepatoprotective actions of SNS inhibitors. 

Other groups have shown that the hepatocyte mitogen, hepatocyte growth factor (HGF), induces oval cell 
proliferation, promotes liver regeneration and protects the liver from hepatotoxicity (19). Given the simUarities 
between the effects of SNS inhibition and HGF, it was important to determine if SNS inhibition increased 
hepatic HGF expression. Consistent with other reports that liver injury induces compensatory expression of 
HGF and other factors that promote regeneration (20), we found that treatment with HMCDE increased the 
hepatic expression of HGF about 2 fold above control (Table 1). However, SNS inhibition with PRZ or 6- 
OHDA did not augment this response. Therefore, the hepatoprotective effects of SNS inhibition are not easily 

explained by HGF induction. 

Like certain hematopoeitic progenitor cells, oval cells express e-kit, the receptor for SCF and are 
responsive to this growth factor (4, 5, 21). Other cytokines, such as IL-7 and LIF, may also promote progenitor 
cell accumulation in injured tissues because after cardiac injury, these factors help to recruit bone marrow- 
derived stem cells to the injured heart (22). IL-6 is expressed by bone marrow-derived cells in regenerating 
livers (23) and this cytokine has an important hepatoprotective effect because mice that are genetically deficient 
in IL-6 exhibit inhibited liver regeneration after partial hepatectomy (PH) (24). Other cytokines, such as G-CSF, 
that signal through gp-130 receptors may be able to compensate for IL-6 deficiency and. promote regeneration 
when the latter cytokine is deficient (25). VEGF may also play some role in the expansion of HPC because it is a 
growth factor for hematopoietic stem cells,, which express VEGF receptors (26). To begin to clarify the 
mechanisms, by which SNS inhibition enhances HPC accumulation in injured livers, we evaluated the effects of 
SNS inhibition on the hepatic expression of G-CSF, GM-CSF, M-CSF, IL-6, IL-7, IL-11, LIF, SCF, VEGF and 
its receptors VEGFR1 and 3. RPA of whole liver RNA was used to compare the expression of these factors in 
control (CMCD) mice and mice treated with HMCDE plus or minus SNS inhibitors. No appreciable GM-CSF, 



WO 2004/084904 



81 



PCT/GB2004/001323 



M- 



-CSF, IL-6, IL-7, IL-11. SCF or LIF expression could be demonstrated by this assay (Fig. 5). HMCDE- 
treatment, however! increased G-CSF expression about 2 fold, regardless of SNS inhibition (Table 1). VEGF 
and its scepters were expressed in both control and all HMCDE-treated mice, but SNS inhibition did not alter 

the expression of these factors (Table 1). 

To determine if the effects of SNS inhibition on the HPC compartment might be mediated via direct 
traction between NE and adrenoceptors on HPC, we used immunohistochemistry to determine if oval cells 
express alpha-1 adrenoceptors. Our results show that bile duct type cytokeratin-positive oval cells do express 
apha-1 adrenoceptors (Fig. 6a,b). Therefore, direct regulation of HPC by NE is plausible. 
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"Discussion 

Shortages of donor livers for orthotopic liver transplantation have become a major limiting factor in 
efforts to reduce mortality of patients with end-stage liver disease (27). Therefore, alternative strategies to 
replace severely damaged liven, must be developed. Studies in mice with massive toxin-induced liver injury 
have demonstrated that liver cell transplantation can effectively regenerate the liver (reviewed in (28). Hence, 
^y groups are working to optimize cell transplantation strategies. An alternative, but complementary, 
approach that might be used to improve the outcome of liver injury involves treatment to encourage repopulation 
of the liver by endogenous hepatic progenitors. The general feasibility of this strategy is supported by recent 
evidence that the administration of cytokine mixtures to mobilize native, bone marrow-derived progenitor cells 
heals experimentally-induced myocardial infarcts in mice (22). Although transplanted bone marrow cells can 
also reconstitute lethally-damaged livers (2, 3), the relative importance of native bone marrow-derived 
progenitors, or resident hepatic progenitors (i.e. oval cells) and mature hepatocytes, for liver -generation 
remains uncertain (28). Moreover, even if certain progenitor cell populations do contribute to recovery from 
liver injury, little is known about the mediators that regulate their accumulation within the liver. Therefore, the 
identification of these factors is an important first step in the development of treatments that seek to expand 

hepatic progenitor cell populations. 

Presumably, endogenous* produced factors that induce the hepatic accumulation of liver progenitors are 
increased, to some extent, during liver damage because this response is evident in most injured livers (20). 
However, unless the compensatory increase in proliferative activity of mature hepatocytes or their progenitors 
can k eop pace with liver cell death, recovery is incomplete and damage persists. Therefore, when factors that 
increase during injury inhibit both mature hepatocyte prohferation and progenitor cell expansion, reconstruction 
of a healthy organ becomes compromised. One way to enhance recovery in this situation might be to neutralize 
the actions of endogenous factors that limit the expansion of native HPC . populations. To explore the validity of 
this concept, we studied mice that were treated with HMCDE, because this model of liver injury is known to 
inhibit replication in mature hepatocytes (1) and increase hepatic oval cells (12). Our results show that stress- 
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related SNS activity is one of the endogenous factors that limits HPC accumulation in HMCDE-damaged livers, 
because inhibiting SNS activity magnifies the compensatory expansion of oval ceU populations that normally 
occurs in this model. However, the mechanisms for this remain uncertain. 

In rats pre-treated with prazosin immediately before partial hepatectomy (PH), the subsequent, 
compensatory induction of hepatocyte DNA synthesis is inhibited (29). Because liver regeneration after PH 
results from the replication of mature hepatocytes (30), this raises the possibility that SNS inhibitor may have 
compounded the anti-proliferative effects of ethionine and further suppressed mature hepatocyte replication in 
our model of liver injury. If so, then SNS inhibition might have promoted oval cell accumulation by amplifying 
poorly-understood signals that trigger expansion of HPC when the replication of mature hepatocytes is inhibited. 
However, other data argue against this mechanism. For example, the same group who showed that prazosin 
inhibits hepatocyte DNA synthesis also reported that chronic treatment with SNS inhibitors did not inhibit post- 
PH liver regeneration in rats (29). Moreover, Kato and colleagues found that subjecting rats to surgical 
sympathectomy before PH actually enhanced post-hepatectomy DNA synthesis in the liver (9). Another group 
(31) also reported that rats with reduced SNS activity due to ventral median hypothalamic lesions exhibit 
significantly greater hepatic DNA synthesis at 24h post-PH and a higher hepatic DNA content from 36h through 
7 days following PH, than sham-operated controls. Thus, the effects of SNS inhibition on the replicative activity 
of mature hepatocytes appear to be inconsistent Given this, the massive oval cell expansion that accompanied 
SNS inhibition in our model may have been mediated by mechanisms other than those that are triggered when 
the replication of mature hepatocytes is blocked. 

As mentioned earlier, liver injury increases the death rate of liver cells and the latter provides a strong 
stimulus for liver regeneration (20, 30). We observed many more oval cells in the livers of mice that were 
treated with SNS-inhibitors, although these groups reproducibly exhibited less severe liver injury than controls, 4 
weeks after beginning the hepatotoxic diets. We did not study the mice at earlier time points and therefore, 
cannot directly exclude the possibility that SNS inhibition might have transiently exaceibated diet-induced liver 
injury, evoking more potent injury-signals to induce compensatory hyperplasia. However, Ihe latter possibility 
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seems very unlikely because Dubuisson et al (11) showed that liver weight, body weight and liver weight to 
body weight ratios increased significantly without any associated increase in serum ALT values in healthy rats 
treated chronically with 6-OHDA to induce chemical sympathectomy (11). In addition, several groups have 
demonstrated that NE exacerbates cytokine-mediated hepatotoxicity. Whereas agents that block NE typically 
inhibit this and are hepatoprotective (32, 33). Therefore, it is unlikely that oval cells increased to compensate for 
an earlier exacerbation of diet-induced liver injury in the mice that received SNS inhibitors. 

HGF, JL-6, VEGF and other factors play important roles in liver and other organ regeneration after 
injury (19, 23, 34). Because SNS inhibitors enhanced HPC accumulation and improved the outcomes of mice 
that were exposed to hepatotoxic diets, we expected that SNS inhibitors would increase one or more of these 
factors, but we were unable to demonstrate this. However, our analysis of whole liver RNA may not have been 
sufficiently sensitive to detect increased expression of these molecules in small sub-populations of liver cells. 
Moreover, we cannot exclude the possibility that SNS inhibitors might have sensitized liver cells to the trophic 
actions of these or other factors. Therefore, whether or not SNS inhibitors interact with other growth factors to 
enhance hepatic accumulation of oval cells remains an open question. 

The latter possibility merits further investigation because Fausto's group showed that TNF-a increases 
in mice that are fed choline-deficient diets and demonstrated that proliferating hepatic oval cells produce this 
cytokine (35). Moreover, they found that TNF-a is required for oval cell expansion because this response is 
abrogated by genetic disruption of TNFR1. Their observations are particularly intriguing because TNF-a and 
TNFR1 are necessary for liver regeneration after PH and other types of liver injury (36, 37). There is strong 
evidence for cross talk between signaling mechanisms that are activated by TNF-a and those that are modulated 
by sympathetic neurotransmitters, such as NE (reviewed in (38). In addition, NE regulates TNF production and 
vice versa (38-42). Thus, SNS inhibition may promote HPC accumulation and decrease liver injury indirectly, 
by effecting TNF-a activity. We have begun to explore this possibility by comparing hepatic expression of TNF- 
a mRNA in HMCDE-treated controls and mice treated with HMCDE + PRZ. No differences in TNF-a gene 
expression were detected in whole liver RNA samples from 3 controls and 3 PRZ-treated mice. However, 
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before firm conclusions can be drawn, these studies must be extended to include more animals and assays for 
TNF-a protein and activity will be necessary. 

Finally, NE may inhibit HPC expansion by directly interacting with its receptors on oval cells or their 
precursors. Another SNS neurotransmitter, NPY, interacts with its receptors on neuronal progenitors to regulate 
their proliferation (43). Although we have shown here that oval cells express alpha-1 adrenoceptors, it is 
unknown if their precursors also express these receptors. However, the bone marrow receives SNS innervation, 
adrenoceptors have been demonstrated on certain types of bone marrow progenitor cells (44, 45), and treatment 
with PRZ or 6-OHDA mobilizes murine bone marrow-derived hematopoietic progenitors into the circulation 
(44, 45). These findings suggest that injury/inflammation-related increases in NE might normally limit 
accumulation of HPC. If so, then SNS inhibition would be expected to dis-inbibit this process, permitting 
. expansion of HPC populations within damaged livers. The observation that treatment with PRZ or 6-OHDA 
increased hepatic accumulation of Thy-1 expressing cells that lack appreciable surface markers for the 
hematopoietic lineage is consistent with this hypothesis. 

Controversy rages about the mechanisms that permit hepatic reconstitute of massively damaged livers 
from bone marrow progenitors, as well as the relative importance of the bone marrow compartment for hepatic 
regeneration under less extreme circumstances. Our studies were not designed to address either question. 
Nevertheless, our findings open important new areas for investigation in light of new evidence that donor bone 
marrow cells can fuse with residual recipient liver cells to generate functional hepatocytes (46, 47). Bone 
marrow cells can also differentiate into pancreatic cells (5, 48). Pancreatic and liver cells are derived from a 
common progenitor during embryogenesis (49) and in adult rodents, the pancreas may be a source of oval cells 
(50). Whether or not SNS inhibition mobilizes bone marrow cells to the pancreas, where they give rise to 
progenitors that ultimately migrate into the liver and become oval cells merits further study. Of course, because 
hepatic oval cells themselves express adrenoceptors, extra-hepatic compartments need not be implicated at all to 
account for the fact that SNS inhibition increases oval cells in the liver. Adrenoceptor inhibition may directly 
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enhance oval cell survival and more work is also needed to delineate cellular mechanisms that might be 

involved. . 

Despite the remaining uncertainties about the mechanism(s) through which SNS inhibition promotes 
expansion of the endogenous HPC compartment, the observation that this process can be induced by PRZ, a 
widely available, relatively safe, oral agent, has potential therapeutic implications. In our study, PRZ was well 
tolerated - none of the PRZ-treated mice died and most developed less cachexia, as well as less liver damage 
overall than the liver disease controls. These findings complement those of an earlier study which demonstrated 
that PRZ prevents the development of cirrhosis in carbon tetrachloride-treated rats (11). Taken together, these 

results suggest that alpha adrenoceptor blockade might be an effective strategy to reduce the progression of 

chronic liver disease. 
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Table 1 



Treatment 


Gene Expression 


Statistical Significance 




HGF 




CMCD 


1.0 ± 0.1 




HMCDE 


1.7 ± 0.24 


*P=0.05, vs CMCD 


HMCDE+PRZ 


2.1 ± 0.30 


*P=0.05, vs CMCD; NS vs HMCDE 


HMCDE+60HDA 


2.4 ± 0.75 


*P=0.05, vs CMCD; NS vs HMCDE 




G-CSF 




CMCD 


0.5 ± 0.04 




HMCDE 


0.8 ± 0.1 


*P=0.05, vs CMCD 


HMCDE+PRZ 


1.0 ± 0.3 


*P=0.05, vs CMCD; NS vs HMCDE 


HMCDE+60HDA 


1.4 ± 0.3 


*P=0.05, vs CMCD; NS vs HMCDE 




VEGF 




CMCD 


1.7 ± 0.2 




HMCDE 


1.2 ± 0.2 


NS,vs CMCD 


HMCDE+PRZ 


1.4 ± 0.4 


NS,vs HMCDE 


HMCDE+60HDA 


2.3 ± 0.5 


NS,vs HMCDE 




VEGFR1 




CMCD 


0.3 ±0.04 




HMCDE 


0.3 ±0.5 


NS.vs CMCD 


HMCDE+PRZ 


0.2 ± 0.2 


NS,vs HMCDE 


HMCDE+60HDA 


0.4 ±0.1 


NS,vs HMCDE 




VEGFR3 




CMCD 


1.1 ±0.1 




HMCDE 


1.4 ±0.4 


NS,vs CMCD 


HMCDE+PRZ 


1.7 ±0.4 


NS.vs HMCDE 


HMCDE+60HDA 


2.1 ± 1.0 


NS.vs HMCDE 



NS= Not statistically significant, p>0.05 
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Legends 

Table 1. Total liver RNA was obtained from 4 mice per treatment group and analyzed by RPA. 20ug RNA 
sample from each mouse was evaluated. Results are normalized to concurrently assessed expression of GAPDH 
in the same RNA samples. Data shown are the mean ± SEM results of 4 mice per treatment group. Similar 
results were obtained in a second experiment. 

Figure 1. Effect of control and antioxidant-depleted diets on body weight. 
Mean + SEM body weights of mice before and after 4 weeks of feeding. Only mice fed the control diet (CMCD) 
gained weight (* P - 0.04 vs baseline); all groups that were fed half methionine choline deficient diets 
(HMCDE) lost weight (+P= 0.001 for post- versus pre-HMCDE, P= 0.008 for post- versus pre-HMCDE + PRZ, 
P= 0.03 for post- versus pre- HMCDE + 60HDA). However, HMCDE +-PRZ and HMCDE + 6 OHDA groups 
lost less weight than the HMCDE group (*P = 0.05). 

Figure 2. Effect of SNS inhibition on liver mass in mice with diet-induced liver damage. 

a) Compared to mice fed control diets (CMCD), absolute liver mass was greater in all groups fed HMCDE diets 
(*P = 0.01). Absolute liver mass in the HMCDE + PRZ group was greater than the group fed HMCDE alone 
(*P.= 0.04). 

b) Liver/body weight ratios also increased on HMCDE diets (*P = 0.02 for all groups versus CMCD) and 
tended to be greater in HMCDE-treated mice that received SNS inhibitors, although the difference between these 
groups and those fed HMCDE diets alone did not achieve statistical significance. 

Figure 3. Effect of SNS inhibition on diet-induced liver injury. 

a) Liver Histology. Images were captured with a 25X lens. Hematoxylin and eosin stained sections of 
representative mice that were fed control diet (CMCD) (top left) showed no fat accumulation or necrosis. A 
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section from a representative HMCDE fed animal showed 2+ fat accumulation and areas of hepatocyte dealh - 
arrowed (top right), while one from a HMCDE + PRZ fed mouse showed 1+ fat accumulation and reduced liver 
cell death (bottom left). The liver section from a representative HMCDE + 60HDA fed animal showed focal 
(F+) fat accumulation and minimal necrosis (bottom right). 

b) Fat Score. Compared to mice fed control diets (CMCD), the HMCDE and HMCDE + PRZ groups had more 
fat (*P = 0.0004). The HMCDE +60HDA treated group had significantly less fat than the HMCDE alone group 
(#p=0.0001). 

c) Necrosis score. Compared to controls (CMCD), all HMCDE-fed groups had more necrotic hepatocytes 

(*P = 0.01), but compared to mice that were fed the HMCDE diet alone, the numbers of necrotic hepatocytes 
were reduced in HMCDE + PRZ (V = 0.05) or HMCDE + 60HDA (*P= 0.05). 

d. Serum alanine aminotransferase (ALT). Serum levels of ALT, a marker of liver injury, were increased in 
all HMCDE-fed groups compared to CMCD controls (*P= 0.01). Compared to HMCDE-fed mice, mice treated 
with HMCDE +PRZ or HMCDE +60HDA had lower ALT levels ( # P= 0.03). 

Figure 4. Effect of SNS inhibition on the numbers of hepatic progenitors in livers with diet- 
induced damage. 

a) bnmunohistochemistry for oval cells, in representative mice that were fed control diet (CMCD) (top left), 
HMCDE (top right), HMCDE diet + PRZ (bottom left) or HMCDE + 60HDA (bottom right). Oval cells are 
stained brown. 

b) The numbers of oval cells were increased in all HMCDE-fed groups compared to CMCD controls (*P= 
0.0001). Both groups treated with SNS inhibitors had more oval cells than mice that were fed HMCDE diets 
alone (*P=0.001). 

c) When putative bone marrow-derived hepatic progenitors (i.e., LETmy-l*' 6 ) are quantified by flow 
cytometry, livers from groups treated with HMCDE + PRZ or HMCDE + 60HDA contain more of these cells 
than CMCD controls (*i*=0.01), although HMCDE feeding alone did not expand this compartment. Compared 
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to mice fed HMCDE diets alone, mice fed HMCDE +PRZ or HMCDE + 60HDA had more LIN- v 7Thy-l 
cells (* P= 0.03 and = 0.05, respectively). 

EigurgJ. Effect of SNS inhibition on hepatic expression of growth-regulatory factors. Total 
liver RNA (20ug per mouse per lane) was evaluated by RFA. Results from 4 mice per treatment group are 
demonstrated on this representative phospho-image. Similar findings were obtained in a duplicate experiment. 
Ingestion of the hepatotoxic diet (HMCDE) increased the expression of HGF and G-CSF relative to that of mice 
fed the control diet (CMCD). These differences are detailed in Table 1. 

Figure 6. Oval cells express alpha-1 adrenoceptors, a) Immunohistochemistry for alpha-1 
adrenoceptors on bile duct type cytokeratin-positive oval cells in a liver section from representative mice fed 
HMCDE. Oval cells expressing alpha-1 adrenoceptors are stained brown, b) Immunofluorescence studies 
confirms the co-localisation of alpha-1 adrenoceptors on bile duct type cytokeratin-positive oval cells. Without 
the primary antibodies, binding of the secondary antibodies was negligible (not shown). Alpha-1 adrenoceptors - 
red, cytokeratins -green, co-localization - yellow. 
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Figure 1 
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Figure 2a 
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Figure 2b 
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Figure 3a 
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Figure 3c 
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Figure 4a 
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Figure 4c 
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Figure 5 



CMCD HMCDE +PRZ +6-QHDA 




M-CSF 
GM-CSF 



WO 2004/084904 PCT/GB2004/001323 

109 

Figure 6 

a) Oval cells express alpha-1 adrenoceptors. 
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Little is known about the mediators that regulate hepatic accumulation of oval cells, resident hepatic stem 
cells. Sympathetic nervous system (SNS) neurotransmitters, e.g., norepinephrine (NE), regulate mature 
hepatocyte proliferation. Pharmacological manipulation of the SNS also influences oval cell numbers in mice. 
However, it is not known if oval cells are directly regulated by NE. Therefore, we studied an oval cell line in 
culture and also determined if oval cells could be increased in the livers of dopamine p-hydroxylase (Dbb>null 
mice that are deficient in NE. Similar to mature hepatocytes, cultured oval cells express al-B and p-2 
adrenoceptors, and agonists for these receptors promote oval cell growth in culture. These effects are reduced by 
a- and 0-receptor antagonists, pertussis toxin (a G protein inhibitor) and PD98059 (an ERK pathway inhibitor). 
NE-deficient DbK 1 ' mice have reduced accumulation of oval cells when treated with methiqnine/choline 
deficient, ethionine-supplemented (MCDE) diets that increase oval cell populations in controls. Treating Dbh* 
with an adrenoceptor agonist during administration of MCDE diets normalizes hepatic oval cell accumulation. 
Therefore, the SNS neurotransmitter NE is important for hepatic accumulation of oval cells and this process is 
mediated, at least partially, by direct interaction between NE and oval cell adrenoceptors. 



^SSSSSS Dopamine p-hydroxylase (Dbh), Extracellular signal-regulated kinase (ERK),Half 
Methionine-Choline Deficient plus Ethionine (HMCDE), Hepatic Progenitor Cell (HPC), 6-hydroxydopamine 
(6-OHDA), Isoprenaline (ISO), M2-pyruvate kinase (MPK), Mtogen-activated protein kinase/extracellulax 
signal-regulated kinase kinase (MEK), Mouse hepatic oval cells (HOC), Norepinephrine (NE), Prazosin (PRZ), 
Propranolol (PRL), Sympathetic Nervous System (SNS). 
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The liver's progenitor cell compartment is activated if mature hepatocytes reach a critically low number, 
such as after severe hepatic injury, or if the mature hepatocytes are prevented from dividing by hepatotoxic drugs 
(15). One hepatic progenitor ceil (HPC) compartment, the oval cells, is resident within the liver's canals of 
Herring - the terminal branches of the biliary tree. Oval cells can differentiate into hepatocytes and 
cholangiocytes (46) and they express markers of these lineages including cytokeratin (CK)-19 (46). In addition 
they express the hematopoietic marker CD-34 (39, 41) and other markers such as OV-6 and the embryonic 
isoform of pyruvate kinase, M-2-pyruvate kinase, (2, 10, 46). While these markers allow identification of oval 
ceUs, the factors regulating the expansion of oval cell populations within the liver are not well understood. The 
identification of such factors is an important goal because they may be useful to support patients with liver 
failure until a suitable organ is found for transplant Indeed, if successful, targeted expansion of endogenous 
HPC may even obviate the need for orthotopic liver transplantation. 

The parasympathetic branch of the autonomic nervous system clearly promotes this process because 
vagotomy reduces oval cell numbers in rats with drug-induced hepatitis. Similarly, after transplantation (which 
transects the hepatic branch of the vagus), human livers that develop hepatitis have fewer HPC than native, fully 
innervated livers with similar degrees of injury (6). Hepatic* oval cells are known to express muscarinic 
acetylcholine receptors (6). Therefore, it is possible that parasympathetic neurotransmitters interact directly with 
these oval cell receptors to regulate the size of the oval cell compartment within the liver. 

The sympathetic nervous system also regulates liver regeneration.. Mature hepatocytes express 
adrenoreceptors (28). Although treatment with catecholamines generally augments mitogen-induced DNA 
synthesis in cultured hepatocytes (12, 35), catecholamine-mediated inhibition of Gl-S transition has also been 
reported to occur(42). Nevertheless, adrenergic agonists are considered to be co-mitogens for mature 
hepatocytes (12). We recendy identified al-adrenoceptors on hepatic oval cells (36), suggesting that liver 
progenitors might also be a target for the SNS during regenerative responses that require oval cell participation. 
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However, it is unclear whether or not hepatocytes and their progenitors (i.e., oval cells) express similar 
adrenoceptor classes because the precise adrenoceptor subtypes that are expressed by oval cells is not known. In 
addition, to our knowledge, no studies evaluating the direct actions of adrenoceptor agonists on oval cell 
proliferation have been reported. Recently, we showed that cd-adrenoceptor antagonism with prazosin (PRZ) or 
chemical sympathectomy with 6-hydroxydoparoine (6-OHDA) increased the numbers of oval cells in the livers 
of mice treated with a hepatotoxic anti-oxidant depleted diet (36). The latter observation suggests that SNS 
neurotransmitters might actually inhibit proliferation of oval ceils, as they sometimes do in mature hepatocytes 
(42). Differential effects of catecholamines on the proliferation of mature and immature hepatocytes might 
permit the expansion of the mature cell population while constraining the growth of the other, less mature 
population. Indeed, differential proliferative responses to growth factors and hormones have already been noted 
in hepatocytes cultured from fetal, as opposed to adult rat livers (13). Thus, the aims of the present study are to 
compare the expression of adrenoceptor subtypes in oval cells and mature hepatocytes, to determine if 
adrenoceptor agonists directly regulate the growth of oval cells in culture, and to evaluate whether or not oval 
cell expansion is altered in mice that are genetically deficient in catecholamines. 
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Materials and Methods 
Oval cell cultures 

Mouse hepatic oval cells (HOC) were a gift from Dr. Bryon Petersen, University of Florida College of 
Medicine, Gainesville, Florida (41. 54). The cells were maintained in culture with Iscove's modified DMEM 
according to Dr. Petersen's published protocol (54). To confirm that the cells retained their oval cell phenotype 
in our hands, expression of the embryonic isoform of pyruvate kinase (M2-PK) was evaluated by 
immunocytochemistry and immunoblot. 

T mm .,ncvtochenustrv . Briefly, confluent cells were fixed with a 50:50 mixture of cold acetone and 
methanol and then incubated with pro-block solution (ScyTek, Logan, UT) to reduce non-specific staining. 
Samples were subsequently incubated with a goat polyclonal primary antibody to M2-PK (1:2000, Rockland, 
Gilbertsville, PA) an accepted oval cell marker (2, 10, 46), and/or rabbit polyclonal anti-02-adrenoceptor (l:20O, 
Santa Cruz Biotech, Santa Cruz, CA) for Ihr at 37°C followed by donkey anti-goat-Texas red conjugated 
secondary antibody (1:250, Molecular Probes, Eugene, OR) and/or donkey anti-rabbit-FITC conjugated 
secondary antibody. Slides were examined with a Zeiss 410 confocal microscope. 

T mm ,,nnhlnt analysis . Cell homogenates were prepared and protein content was quantified by BSA 
assay (Pierce, Rockford, IL) using bovine serum albumin standards. Proteins (10p.g/lane) were then resolved by 
polyacrylamide gel electrophoresis and transferred to nylon membranes. After membranes were incubated with 
primary antibody to M2-PK (1:2000, Rockland, Gilbertsville, PA), or a-l A , a-la, and <x-l D adrenoceptors 
(1:200, Santa Cruz Biotech. Santa Cruz, CA), and pi. (32, and P 3 adrenoceptors (1:200, Santa Cruz Biotech), 
peroxidase-conjugated secondary antibodies were added, and antigens were demonstrated by enhanced 
chemnuminescence (Amersham Biosciences, Piscataway, NJ) as we have described previously (29). 

pma lotion and *T.PCR analysis. RNA was extracted from oval cells using RNeasy kits 
(Oiagen, Valencia, CA). Concentration and purity were assessed by absorbance at 260/280 nm and then mRNA 
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expression of adrenoceptors was assessed by RT-PCR analysis. One-step RT-PCR was performed with 
Superscript one-step RT-PCR with platinum Taq kits (Invitrogen, Carlsbad, CA) with Ambion's QuantumRNA 
Classic II 18S internal standard (Ambion, Austin, TX). Products were separated by electrophoresis on a 1.5% 
agarose gel. Primer sequences and conditions were as reported (21, 24). 

rv.i P^f^nr, Studies. Sub-confluent HOC were harvested by gentle trypsinisation and 
suspended in serum-free Iscove's modified Dulbecco's minimal essential medium (DMEM), at a density of 
5,000 cells/100uiywell in 96-well plates. Twenty-four hours later, norepinephrine (NE) or isoprenaline (ISO) ± 
various inhibitors - prazosin (lO^uM), propranolol (lOpM), pertussis toxin (lOOng/ml), wortmannin (lOOnM). 
SB202190 (10MM), PD98059 (20U-M), or RO-32-0432 (l^M) in Iscove's DMEM containing 10% serum were 
added to some wells, to give a final serum concentration per well of 5%. All drugs were obtained from 
Calbiochem (San Diego, CA) except prazosin and propranolol, which were from Sigma (St. Louis. MO). The 
inhibitor concentrations used for these studies were similar to those that have been shown to inhibit the growth 
of other cell types (1, 21, 22, 38. 43, 45, 51, 52, 55). After 44 hours, cell numbers were assessed by a further 4 h 
incubation with WST-8 tetrazolium reagent (Dojindo Molecular Technologies, Gaithersburg, MD) as described 
(19, 37). In viable cells, the tetrazoUum salt is metabolized to a colorimetric dye and cell number is proportional 
.to the signal intensity at 450nm (37). Therefore, this assay reliably detects treatment-induced changes in cell 
number (19, 37). 

Hepatocyte Cultures 

Hepatocytes were extracted from adult mice by in situ liver perfusion with collagenase as we have 
described (9). RNA was extracted as described by Chomczynski and Sacchi (7)and then evaluated for 
adrenoceptor expression using RT-PCR assays described above. 
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Allim Mate C57B1/6 mice and their heterozygous littermates were generated and maintained as 

previously described (49), and used at 30-40 weeks of age. Wild type C57BV6 mice were from Jackson 
Laboratory (Bar Harbor, ME). Animals were allowed access to diets and water ad libitum. To induce oval cell 
expansion, mice were fed methionine choline deficient diets (ICN, Aurora, OH) supplemented with 0.15% 
Ethionine in the drinking water for 4 weeks. Others have reported that this protocol is an effective strategy for 
increasing hepatic oval cell numbers in normal C57B1/6 mice (2). At sacrifice, liver tissues were fixed in 
buffered formalin or optimal cutting temperature (OCT) fixative (Sakura, Torrance, CA) and processed for 
histology; alternatively, tissues were snap frozen in liquid nitrogen and stored at -80»C for farther analysis. All 
experiments satisfied the Guidelines of our Institutions Animal Care Committee and the National Institutes of 
Health. 

T^nnohistochemistrv. Immunohistochemical analysis of HPC was performed- with a mouse 
monoclonal OVo-type antibody (a gift from Dr Stewart Sell, Albany Medical College, Albany, NY) reacting 
with cytokeratins 14 and 19; a rabbit polyclonal antibody against 56 and 64 kD human callus cytokeratins (Dako, 
Denmark) and a rat monoclonal antibody to cytokeratin 19 (4, 6, 32). 

Details of the staining procedures are as we have detailed (6, 32). Incubation with me primary antibodies 
was performed at room temperature for 30 minutes. Mouse monoclonal OV6 antibody and rat anti-cytokeratin 
19 were detected using the DAKO Animal Research Kit, peroxidase (Dako, Denmark). The rabbit polyclonal 
antibody against 56 and 64 kD human callus cytokeratins was detected by anti-rabbit Envision (Dako, Denmark) 
as described (32). 

Oval cells were defined as small cells with an oval nucleus and little cytoplasm. These cells occur either 
singularly or organized in arborizing, ductular structures. They have strong reactivity for liver type cytokeratins, 
OV-6 and bile duct type cytokeratin 19 (4, 6, 32). 

To evaluate the effect of treatments on the HPC compartment, coded samples were examined by an 
experienced liver pathologist blinded to treatment groups. For each liver section, the number of oval cells in 5, 
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randomly selected, non-pverlapping, high power 0*0 objective) fields was counted. Interlobular bile ducts, were 
defined as bile ducts with a lumen, associated with a branch of the hepatic artery. Interlobular bile ducts were not 
considered progenitor ceUs and, thus not counted as such. 



Statistical Analysis 

All values are expressed as mean ± SEM. Group means were compared by unpaired t-test using Graphpad Prism 
3.03 (San Diego, CA). 
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Results 



Oval cells express both a and 6-adrenoceptors 

To confirm that the oval cell line retained its immature phenotype during culture, v/e evaluated the 

expression of an accepted oval cell marker, M2-PK (2, 46). Cultured oval cells uniformly express M2-PK 
(Figure la, b). Thus, the culture conditions do not promote oval cell differentiation into mature hepatocytes, 
which lack this marker (10). We then used RT-PCR to determine the expression pattern of al-adrenoceptor and 
P-adrenoceptor subtypes. Oval cells express predominantly ccl-. and 02 adrenoceptors with minor expression of 
al-o and pi (Figure lc). There was no detectable expression of <xl- A or 03 adrenoceptors. Immunoblot and 
immunocytochemistry analyses revealed a similar pattern of adrenoceptor protein expression. Even 
adrenoceptors, such as pi that were weakly-expressed at the mRNA level, were easily demonstrated by 
immunoblot (Figure Id). The predominantly expressed p2-adrenoceptor is well illustrated by 
immunocytochemistry (Figure le). Next, we used similar techniques to evaluate adrenoceptor subtype 
' expression by mature hepatocytes. Mature primary hepatocytes express al-B and 02 adrenoceptor mRNA. 
However, we were unable to demonstrate expression of al-D or and 01 adrenoceptors (Figure If). 

NE and ISO promote oval cell prolif eration via adrenoceptors 

To assess oval cell adrenoceptor function, we incubated oval cells with varying concentrations of NE and 
ISO. NE promotes the proliferation of oval cells (Figure 2a). This effect is maximal at. lOOnm NE. but persists 
up to. lOOuM NE. NE-induced proliferation is mediated by a-adrenoceptors because it is significantly attenuated 
by treatment with the a-adrenoceptor antagonist prazosin (Figure 2b). Similarly, ISO promotes the proliferation 
of oval cells. The effect appears to be biphasic with peak proliferative activity at lOOnM and lOmM. The effect 
of ISO is mediated by 0-adrenoceptors because it is attenuated by treatment with the 0-adrenoceptor antagonist 
propranolol (Figure 2c,d). Although NE and ISO induce oval cell proliferation by interacting with different 
classes of adrenoceptors, the combination of NE (100 nM) + ISO (100 nM) does not exert an additive effect on 
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oval cell growth in culture (Figure 2c). Evidence that PRZ (10 uM) blocks catecholamine-induced proliferation 
under these culture conditions suggests that growth is regulated predominately via a-adrenoceptors when both 
a- and P-adrenoceptor agonists are present. 

NW and ISO promote oval cell proliferation via G- p mt*™ coupled adrenoceptors with downstream 
mechanisms involving Mitogen activa ted protein (MAP) kinases. 

To investigate the post-receptor mechanisms that mediate the actions of NE and ISO on oval cells, we 
cultured these cells in the presence of specific inhibitors of G-protein, (pertussis toxin); the extracellular signal- 
regulated kinase (ERK) pathway inhibitor PD98059; the p38 MAP kinase inhibitor, SB202190; the pan-protein 
kinase C inhibitor, RO-32-0432 and the phosphotidyl-inositol 3-kinase inhibitor, wortmannin. The action of NE 
and ISO on oval cells are mediated by mechanisms involving G-protehis and ERK because the autogenic effects 
of the adrenergic agonists are significantly attenuated by treatment of oval cells with either pertussis toxin (a G- 
protein inhibitor), or PD98059 (which inhibits MEK, an upstream kinase in the ERK signaling cascade) (Figure 
3a,b). Treatment with SB202190, a P 38 MAPK inhibitor, also tends to reduce the effect of NE andJSO, but this 
is not statistically significant 

Inhibited expansion of oval cells in mice t hat are genetically deficient in catecholamines 

Because the previous data were acquired by studying an oval cell line in culture, it was necessary to 
extend our experiments to intact animals to assure that SNS neurotransmitters are truly important regulators of 
oval cell growth under more physiologically-relevant circumstances. Others have shown that dramatic expansion 
of hepatic oval cells occurs when normal mice are fed methionine/choUne-deficient (MCD) diets supplemented 
with ethionine in the drinking water for 4 weeks (2). Therefore, we administered this treatment to dopamine beta 
hydroxylase Dbh* mice (which have absent biosynthesis of NE and its product, epinephrine, due to targeted 
disruption of the Dbh gene (49) their heterozygous Dbh* littermates, and wild-type mice. Oval cells are rarely 
detected in the livers of healthy mice (16). As expected, MCDE-treatraent induces significant oval cell 
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accumulation in wild-type mice, with - 50 oval cells/high power field observed when liver sections are stained 
to demonstrate the oval cell marker, OV-6. However, MCDE-induced expansion of hepatic oval cells is reduced 
by about 40% in Dbt?' mice, and even more suppressed in DM* mice which exhibit only 10 oval cells/HPF 
after 4 weeks of MCDE treatment (Figure 4). 
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Discussion 

In the present study, we have shown that oval cells are regulated by SNS neurotransmitters. This process 
is likely to be mediated, at least in part, via direct interaction between the catecholamines and adrenoceptors 
because oval cells express multiple adrenoceptor subtypes - predominantly al-B and p2, but also al-D and pi. 
Moreover, these oval cell adrenoceptors are functional, as demonstrated by evidence that a- and p-adrenoceptor 
agonists (e.g., NE and ISO) significantly promote the proliferation of cultured oval cells, and this effect is 
attenuated by the adrenoceptor antagonists, PRZ and PRL. The mitogenic effects of NE and ISO are inhibited 
by treating cultured oval cells with pertussis toxin and PD98059, suggesting that G-proteins and ERK kinases 
transduce some of the growth-promoting signals initiated by oval cell adrenoceptors. Finally, studies in mice 
support the physiological importance of the aforementioned mechanisms in regulating hepatic oval cell 
populations. Dbh" 7 - mice, which are genetically deficient in NE and its product, epinephrine, exhibit inhibited 
hepatic accumulation of oval cells when treated with agents that dramatically increase oval cell numbers of 
normal mice. Concomitant administration of ISO, a ^adrenoceptor agonist, with the oval cell inducers restores 
oval cell expansion in the Dbh"'- group, proving that adrenoceptor activation plays an important role in the 
hepatic accumulation of oval cells that occurs in response to these oval cell inducing agents. 

On the other hand, evidence that reduced adrenoceptor activity limits oval cell accumulation in Dbb-/- 
. mice is difficult to reconcile with our recent findings in normal mice. When the latter are fed MCD diets 
supplemented with ethionine, treatment with PRZ (to block alpha adrenoceptors) or 6-hydroxydopamine (to 
induce chemical sympathectomy) dramatically amplifies the expansion of hepatic oval cell populations (REF), 
suggesting that adrenoceptor activity normally suppresses the growth of hepatic oval cells. The contradictory 
findings of our two studies might be explained by differential effects of adrenoceptor agonists on oval cells and 
their progenitors. The present oval cell culture data clearly demonstrate that direct activation of oval cell 
adrenoceptors promotes oval cell growth. There is some (25, 40, 48), albeit hotly debated (17, 20, 50) evidence 
that oval cells may be derived from bone marrow progenitors. Inhibition of SNS activity by PRZ or 6- 
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hydroxydoparnine is known to mobilize hematopoe»tic progenitors from bone marrow (34). Thus, decreases in 
adrenoceptor function may facilitate the release of oval cell progenitors from the bone marrow, while the present 
findings suggest that increased adrenoceptor activity may enhance growth of more mature oval cells within the 
liver. Other mechanisms may also be involved in the Dbh-deficient mice, because these animals have altered 
levels of other neurotransmitters, such as dopamine and neuropeptide Y (49), and some of these factors are 
known to regulate stem cell viability (22). In addition, as discussed below, catecholamines influence the 
production and activities of other factors, including cytokines and chemokine receptors, that modulate the 
homing, engraftment and survival of progenitor cells within the liver. 

. . Although the field of liver stem cell research is still in its infancy, researchers are beginning to identify 
factors that regulate hepatic progenitors. Unfortunately, however, the published literature contains relatively 
little information about the intracellular signals that these factors evoke in any given hepatic progenitor cell 
population. In addition, almost nothing has been reported yet about how different factors might interact to 
modulate the growth and differentiation of either bone marrow-derived or resident hepatic progenitors. Oval 
cells, progenitor cells that reside in the livers of adult organisms, have been studied far more extensively than 
their putative, bone marrow-derived precursor (reviewed in (33). 

Until now. attention has focused predominately on the role of injury-related cytokines and chemokines as 
regulators of hepatic oval cell populations. For example, it is known that oval cells are capable of producing 
tumor necrosis factor (TNF)-a. This cytokine promotes hepatic oval cell accumulation because mice with 
targeted disruption of the TNF receptor-1 (TNFR-1) gene cannot increase hepatic oval cells in response to 
treatment with MCD diets + ethionine (26). The latter observation is intriguing because proliferative responses 
of mature hepatocytes are also inhibited in TNFR-l-deficient mice (53)and inhibited replication of mature 
hepatocytes is generally thought to stimulate expansion of hepatic oval, cell populations (16). Whether or not 
TNF-a , or TNFa-induced cytokines such as interieukin (IL)-6, directly regulate the viability and/or proliferation 
of oval cells themselves has not been evaluated. Pertinent to our findings, catecholamines can increase both 
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TNF- a and JL-6 in some circumstances (14). However, in an earlier study, we were unable to demonstrate any 
change in hepatic expression of either cytokine following experimental manipulation of SNS activity in MCD 
diet-fed mice that had been treated with ethionine (36). 

Stromal derived factor (SDF)-la, an important chemotactic and viability factor for both neuronal and 
hematopoeitic progenitors (30, 31), may also regulate hepatic oval cells because these cells express CXCR4, the 
receptor for SDF-la, and migrate along a SDF-la gradient during in vitro chemotaxis assays (23). In massively 
injured livers where oval cells participate in the regenerative response, rat hepatocytes up-regulate expression of 
SDF-la, prompting speculation that SDF-la/CXCR4 interactions are involved in expanding oval cell 
populations during some types of liver injury (23). Hepatic accumulation of CXCR4+ cells has also been noted 
in injured human livers in which bile duct epithelial cells express SDF-la (47), Moreover, in another recent 
study of NOD/SCID mice, neutralization of CXCR4 abolished homing and engraftment of the murine liver by 
human CD34+ hematopoeitic progenitors. In the NOD/SCID hosts, injection of human SDF-1 also increased 
homing of the bone marrow-derived progenitors, which subsequently differentiated into albumin-producing cells 
that were localized in clusters surrounding bile ducts (27). 

To our knowledge, the role of SDF-la and/or CXCR4 in enhancing hepatic accumulation of oval cells in 
mice fed MCD diets supplemented with ethionine has not been evaluated. However, given the apparent 
importance of SDFl-a/CXCR4 in other types of liver injury, this certainly merits investigation in the future. As 
mentioned earlier, TNF-o is necessary for oval cell expansion in mice treated with MCD diets plus ethionine 
(26). There are reports that TNF-a and TNFa-induced cytokines induce CXCR4 expression (11, 30), but inhibit 
production of SDFl-a (18). On the other hand, SDFl-a increases TNFa production by some CXCR4-expressing 
cells (3). Others have shown that hepatocyte growth factor (HGF) up-regulates CXCR4 expression and enhances 
SDF-l-mediated chemotaxis by CD34+ bone marrow progenitors (27). We recently reported that hepatic HGF 
expression is increased significantly in mice that have been treated with MCD diets plus ethionine (36). Given 
this background, it would not be surprising if CXCR4^xpressing cells accumulate in the livers of mice during 
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treatment with MCD diets and ethionine. Manipulation of SNS activity did not alter hepatic TNF alpha or HGF 
expression in our earlier studies (36). Nevertheless, changes in the relative abundance of adrenergic agonists 
might modulate the signaling of CXCR4 receptors in cells that express both adrenoceptors and CXCR4, because 
all of these receptors couple to G proteins and G proteins transduce SDF-la/CXCR4-initiated survival signals in 
other cells (5). Interestingly, there is also some suggestive evidence that NE itself might up-regulate CXCR4 
expression in some cell types (8). Finally, as mentioned earlier, agents that inhibit SNS activity enhance the 
release of hematopoeitic progenitors from the bone marrow (34), and it was recently proven that CXCR4 
function must be inhibited in order to mobilize bone marrow-derived stem cells (44): Thus, it is tempting to 
speculate that interactions between catecholamines, cytokines and chemokines may modulate CXCR4 function 
and thereby, alter hepatic oval cell populations. Much work will be necessary to evaluate this possibility 
carefully. In any case, the present data extends our earlier work with SNS inhibitors and provides additional 
. evidence that SNS neurotransmitters are capable of acting at multiple levels to regulate oval cell accumulation in 
injured livers. As such, this information identifies the SNS as a potential target for therapeutic manipulation to 
regulate expansion of this progenitor cell population in injured livers. 



WO 2004/084904 



125 



PCT/GB2004/001323 



References 

1. Ajizian SJ, English BK, and Meals EA. Specific inhibitors of p38 and extracellular signal-regulated 
kinase mitogen-activated protein kinase pathways block inducible nitric oxide synthase and tumor 
necrosis* factor accumulation in murine macrophages stimulated with lipopolysaccharide and interferon- 
gamma. J Infect Dis 179: 939-944, 1999. 

2. Akhurst B, Croager EJ, Farley-Roche CA, Ong JK* Dumble ML, Knight B, and Yeoh GC. A 
modified choline-deficient, ethionine-supplemented diet protocol effectively induces oval cells in mouse 
liver- Hepatology 34: 519-522, 2001. 

3. Bezzi P, Domercq M, Brambilla L, Galli R, Schols D, De Clercq E, Vescovi A, Bagetta G, Kollias 
G, Meldolesi J, and Volterra A. CXCR4-activated astrocyte glutamate release via TNFalpha: 
amplification by microglia triggers neurotoxicity. Nat Neurosci 4: 702-710, 2001. 

4. Braun KM, Thompson AW, and Sandgren EP. Hepatic Microenvironment Affects Oval Cell 
Localization in Albumin-Urokinase-Type Plasminogen Activator Transgenic Mice. Am J Pathol 162: 195- 
202,2003. 

5. Broxmeyer HE, Kohli L, Kim CH; Lee Y, Mantel C, Cooper S, Hangoc G, Shaheen M, Li X, and 
Clapp DW. Stromal cell-derived factor-l/CXCL12 directly enhances survival/antiapoptosis of myeloid 
progenitor cells through CXCR4 and G(alpha)i proteins and enhances engraftment of competitive, 
repopulating stem cells, / Leukoc Biol 73: 630-638, 2003. 

6- Cassiman D, Libbrecht L, Sinelli N, Desmet V, Denef C, and Roskams T. The Vagal Nerve 
Stimulates Activation of the Hepatic Progenitor Cell Compartment via Muscarinic Acetylcholine 
Receptor Type 3. Am J Pathol 161: 521-530, 2002. 



WO 2004/084904 



126 



PCT/GB2004/001323 



7. Chomczynski P and Sacchi N. Single-step method of UNA isolation by add guanidinium 
thiocyanate-phenol-chloroform extraction. Anal Biochem 162: 156-159, 1987. 

8. Cole SW, Naliboff BD, ICemeny ME, Griswold MP, Fahey JL, and Zadc JA. Impaired response to 
HAART in HIV-infected individuals with high autonomic nervous system activity. PNAS 98: 12695-12700, 
2001. 

9. Cortez-Pinto H, Lin H, Yang S, da Costa([double dagger]) S, and Diehl AM. Lipids up-regulate 
uncoupling protein 2 expression in rat hepatocytes. Gastroenterology 116: 1184-1193, 1999. 

10. Croager EJ, Smith PGJ, and Yeoh GCT. Ethanol Interactions with a choline-deficient, ethionine- 
supplemented feeding regime potentiate preneoplastic cellular alterations in rat Over. Carcinogenesis 23: 
1685-1694, 2002. 

11. Croitoru-Lamoury J, GuiUemin GJ, Boussin FD, Mognetti B, Gigout LI, Cheret A, Vaslin B, Le 
Grand R, Brew BJ, and Dormont D. Expression of chemokines and their receptors in human and simian 
astrocytes: evidence for a central role of TNF alpha and IFN gamma in CXCR4 and CCR5 modulation. 
Glia 41: 354-370, 2003. 

12. Cruise JL, Houck KA, and Michalopoulos GK. Induction of DNA synthesis in cultured rat 
hepatocytes through stimulation of alpha 1 adrenoceptor by norepinephrine. Science 227: 749-751, 
1985. 

13. de Juan C, Benito M, Alvarez A, and Fabregat I. Differential proliferative response of cultured 
fetal and regenerating hepatocytes to growth factors and hormones. Exp Cell Res 202: 495-500, 1992. 



WO 2004/084904 



127 



PCT/GB2004/001323 



14. Elenkov U, Chrousos GP, and Wilder RL« Neuroendocrine regulation of IL-12 and TNF-alpha/IL- 
10 balance. Clinical implications. Ann NY Acad Sci 917: 94-105., 2000. 

15. Evarts R,HnZ, Omori N, Omori M, Marsden E, and Thorgeirsson S. Precursor-product 
relationship between oval cells and hepatocytes: comparison between tritiated thymidine and 
bromodeoxyuridine as tracers. Carcinogenesis 17: 2143-2151, 1996. 

16. Fausto N and Campbell JS. The role of hepatocytes and oval cells in liver regeneration and 
repopulation. Mech Dev 120: 117-130, 2003. 

17. Fausto N, Laird AD, and Webber EM. Liver regeneration. 2. Role of growth factors and cytokines 
in hepatic regeneration. Faseb J 9: 1527-1536, 1995. 

18. Fedyk ER, Jones D, Critchley HO, Phipps RP, Blieden TM, and Springer TA. Expression of 
stromal-derived factor-1 is decreased by IL-1 and TNF and in dermal wound healing. J Immunol 166: 
5749-5754,2001. 

19. Frank S, Stanmeyer B, Kampfer H, Kolb N, and Pfeilschifter J. Leptin enhances wound re- 
epithelialization and constitutes a direct function of leptin in skin repair. / Clin Invest 106: 501-509, 2000. 

20. Grompe M. Pancreatic-hepatic switches in vivo. Mech Dev 120: 99-106, 2003. 

21. Hakuno D, Fukuda K, Makino S, Konishi F, Tomita Y, Manabe T, Suzuki Y, Umezawa A, and 
Ogawa S. Bone Marrow-Derived Regenerated Cardiomyocytes (CMG Cells) Express Functional 
Adrenergic and Muscarinic Receptors. Circulation 105: 380-386, 2002. 



WO 2004/084904 



128 



PCT/GB2004/001323 



22. Hansel DE, Eipper BA, and Ronnett GV. ljleuropeptide Y functions as a neuroprotective factor. 
Nature 410: 940-944, 2001. 

23. Hatch HM, Zheng D, Jorgensen ML, and Petersen BE. SDF-lalpha/CXCR4: a mechanism for 
hepatic oval cell activation and bone marrow stem cell recruitment to the injured liver of rats. Cloning 
Stem Cetts 4: 339-351, 2002. 

24. Hutchinson DS, Evans BA, and Summers RJ. {beta}l-Adrenoceptors compensate for {beta}3- 
adrenoceptors in ileum from {beta}3-adrenoceptor knock-out mice. Br J Pharmacol 132: 433-442, 2001. 

25. Ianus A, Holz GG, Theise ND, and Hussain MA. In vivo derivation of glucose-competent 
pancreatic endocrine cells from bone marrow without evidence of cell fusion. / CUn Invest 111: 843-850, 
2003. 

26. Knight B, Yeoh GC, Husk EX, Ly T, Abraham LJ, Yu C, Rhim JA, and Fausto N. Impaired 
preneoplastic changes and liver tumor formation in tumor necrosis factor receptor type 1 knockout mice. 
J Exp Med 192: 1809-1818., 2000. 

27. KoBet O, Shlvtiel S, Chen YQ, Suriawinata J, Thung SN, Dabeva MD, Kahn J, Spiegel A, Dar A, 
Samira S, Goichberg P, Kalinkovich A, Arenzana-Seisdedos F, Nagler A, Hardan I, Revel M, Shafrita DA, 
and Lapidot T. HGF, SDF-1, and MMP-9 are involved in stress-induced human CD34+ stem cell 
recruitment to the liver. J CUn Invest 112: 160-169, 2003. 

28. Kost DP, DeFrances MC, Lee CR, and Michalopoulos GK. Patterns of alpha-l-adrenergic receptor 
expression in regenerating and neoplastic hepatic tissue. Pathobiology 60: 303-308, 1992. 



WO 2004/084904 



129 



PCT/GB2004/001323 



29. Koteish A, Yang S, Lin H, Huang X, and Diehl AM. Chronic Ethanol Exposure Potentiates 
Lipopolysaccharide Liver Injury Despite Inhibiting Jun N-terminal Kinase and Caspase 3 Activation. / 
Biol Chem 277: 13037-13044, 2002. 

30. Lapidot T. Mechanism of human stem cell migration and repopulation of NOD/SCDD and B2mmill 
NOD/SOD mice. The role of SDF-1/CXCR4 interactions. Ann N YAcad Sci 938: 83-95, 2001. 

31. Lazarini F, Tham TN, Casanova P, Arenzana-Seisdedos F, and Dubois-Dalcq M. Role of the alpha- 
chemokine stromal cell-derived factor (SDF-1) in the developing and mature central nervous system. Glia 
42:139-148,2003. 

32. Libbrecht L, Meerman L, Kuipers F, Roskams T, Desmet V, and Jansen P. Liver pathology and 
hepatocarcinogenesis in a long-term mouse model of erythropoietic protoporphyria. / Pathol 199: 191- 
200, 2003. 

33. Lowes KN, Croager EJ, Olynyk JK, Abraham LJ, and Yeoh GC. Oval cell-mediated liver 
regeneration: Role of cytokines and growth factors. J Gastroenterol Hepatol 18: 4-12, 2003. 

34. Maestroni GJM and Conti A. Modulation of hematopoiesis via alphal-adrenergic receptors on 
bone marrow cells. Exp Hematology 22: 313-320., 1994. 

35. Metcalfe AM, Phillips P, Dixon RM, and Radda GK. Vasopressin synergistically stimulates DNA 
synthesis in normal and regenerating rat liver cell cultures in the presence of hepatocyte growth factor./ 
Mol Endocrinol 18: 161-166, 1997. 

36. Oben JA, Roskams T, Li Z, Torbenson M, Sinelli N, Yang S, Lit. H, Huang J, Guarino P, Kafromu 
M, and Diehl AM. Sympathetic Nervous System Inhibition Increases Hepatic Progenitors 



WO 2004/084904 



130 



PCT/GB2004/001323 



and Reduces Liver Injury. Hepatology In Press, 2,003. 

37. Oben JA, Yang S, Lin H, Ono M, and Diehl AM. Acetylcholine promotes the proliferation and 
collagen gene expression of myofibroblastic hepatic stellate cells. Biochem Biophys Res Comrnun 300: 172- 
177,2003. 

38. Oben JA, Yang S, Lin H, Ono M, and Diehl AM. Norepinephrine and neuropeptide Y promote 
proliferation and collagen gene expression of hepatic myofibroblastic stellate cells. Biochem Biophys Res 
Comrnun 302: 685-690,2003. 

39. Petersen B, Goff J, Greenberger J, and Michalopoulos G. Hepatic Oval Cells Express the 
Hematopoietic Stem Cell Marker Thy-1 in the Rat. Hepatology 27: 433-445, 1998. 

40. Petersen BE, Bowen WC, Patrene KD, Mars WM, Sullivan AK, Murase N, Boggs SS, Greenberger 
JS, and Goff JP. Bone Marrow as a Potential Source of Hepatic Oval Cells. Science 284: 1168-1170, 1999. 

41. Petersen BE, Grossbard B, Hatch H, Pi L, Deng J, and Scott EW. Mouse A6-positive hepatic oval 
cells also express several hematopoietic stem cell markers. Hepatology 37:. 632-640, 2003. 

42. Refsnes M, Thoresen GH, Sandnes D, Dajani OF, Dajani L, and Cbristofferseu T. Stimulatory and 
inhibitory effects of catecholamines on DNA synthesis in primary rat hepatocyte cultures: role of alpha 1- 
and beta-adrenergic mechanisms. J Cell Physiol 151: 164-171, 1992. 

43. Saxena NK, Yang Y, Floyd J, and Anania F. Leptin is mltogenic , anti-apoptotic and increases 
fibrogenic response genes in rat hepatic stellate cells. Hepatology 36 36: 316A, 2002. 



WO 2004/084904 



131 



PCT/GB2004/001323 



44. Sheii H, Cheng T, Olszak I, Garda-Zepeda E, Lu Z, Herrmann S, Fallon R, Luster AD, and 
Scadden DT. CXCR-4 Desensitization Is Associated with Tissue Localization of Hemopoietic Progenitor 
Cells- J Immunol 166: 5027-5033, 2001. 

45. Tangkijvanich P, Santiskulvong C, Melton AC, Rozengurt E, and Yee HF, Jr. p38 MAP kinase 
mediates platelet-derived growth factor-stimulated migration of hepatic myofibroblasts. / Cell Physiol 
191: 351-361, 2002. 

46. Tee LB, Kirilak Y, Huang WH, Smith PG, Morgan RH, and Yeoh GC. Dual phenotypic expression 
of hepatocytes and bile ductular markers in developing and preneoplastic rat liver. Carcinogenesis 17: 
251-259,1996. 

47. Terada R, Yamamoto K, Hakoda T, Shimada N, Okano N, Baba N, Ninomiya Y, Gershwin ME, 
and Shiratori Y. Stromal Cell-Derived Factor-1 from Biliary Epithelial Cells Recruits CXCR4-Positive 
Cells: Implications for Inflammatory Liver Diseases. Lab Invest 83: 665-672, 2003. 

48. Theise ND, Badve S, Saxena R, Henegariu O, Sell S, Crawford J, M., and Krause DS. Derivation of 
hepatocytes from bone marrow cells in mice after radiation-induced myeloablation. Hepatology 31: 235- 
240, 2000. 

49. Thomas SA and Palmiter RD. Impaired maternal behavior in mice lacking norepinephrine and 
epinephrine. Cell 91: 583-592, 1997. 

50. Wang X, Willenbring H, Akkari Y, Torimaru Y, Foster M, Al-Dhalimy M, Lagasse E, Finegold M, 
Olson S, and M. G. Cell fusion is the principal source of bone-marrow-derived hepatocytes. Nature, 2003. 



WO 2004/084904 



132 



PCT/GB2004/001323 



51. Wu H-L, Albrightson C, and Nambi P. Selective inhibition of rat mesangial ceil proliferation by a 
synthetic peptide derived from the sequence of the C2 region of PKC[beta]. Peptides 20: 675-678, 1999. 

52. Xiao L, Pimental DR, Amin JK, Singh K, Sawyer DB, and Colucci WS. MEK172-ERK1/2 mediates 
aiphal-adrenergic receptor-stimulated hypertrophy in adult rat ventricular myocytes. J Mol CeU Cardiol 
33:779-787,2001. 

53. Y amada Y, Kirillova I, Peschon J J, and Fausto N. Initiation of liver growth by tumor necrosis 
factor: Deficient liver regeneration in mice lacking type I tumor necrosis factor receptor. Proc Nad Acad 
Sci USA 94: 1441-1446., 1997. 

54. Yang L, Li S, Hatch H, Ahrens K, Cornelius JG, Petersen BE, and Peck AB. In vitro trans- 
differentiation of adult hepatic stem cells into pancreatic endocrine hormone-producing cells. PNAS 99: 
8078-8083,2002. 

55. Zou Y, Komuro I, Yamazaki T, Kudoh S, Uozumi H, Kadowaki T, and Yazaki Y. Both Gs and Gi 
Proteins Are Critically Involved in Isoproterenol-induced Cardiomyocyte Hypertrophy. J Biol Chan 274: 
9760-9770,1999. 



WO 2004/084904 



133 



PCT/GB2004/001323 



Figure Legends 

Figure 1. Oval cells express a marker of immatu r e ndls. M2-Pvruvate kinase, but similar adrenoceptor 
subtypes as mature hepatocytes. , ' . 

A mouse hepatic oval cell line was evaluated at confluence by immunocytochemistry and immunoblot analysis 

(10 ug protein/lane) to confirm persistent expression of M2-PK and their immature phenotype. Representative 

immunocytochemistry (a) and immunoblots (b) are shown, (c) RT-PCR of oval cell RNA was used to analyze 

the expression of adrenoceptor mRNA. Results from a representative analysis of are shown. The first lane 

shows the DNA ladder (500-200bp, arrowed). Each subsequent pair of lanes is a replicate analysis of 

adrenoceptor genes. The 18S band (324bp) in each lane is shown as a control, (d) Immunoblot analysis (10 |tg 

protein/lane) of oval cell lysates confirms that oval cells express adrenoceptors at the protein level. A 

representative blot for pi-adrenoceptor is shown, (e) Co-localization of p2-adrenoceptor expression with the 

M2-PK oval cell marker was demonstrated by immunocytochemistry: Top left panel - M2-PK expression - red; 

Top right panel - p2 - expression - green; Bottom panel - co-localization of M2-PK and p2-adrenoceptor 

expression -yellow, (f) For comparison RT-PCR was used to analyze the expression of adrenoceptors in mature 

hepatocytes. Results from a representative analysis of are shown. The first lane shows the DNA ladder (500- 

200bp, arrowed). Each subsequent pair of lanes is a replicate analysis of adrenoceptor genes. The 18S band 

(324bp) in each lane is shown as a control. 



Figure 2. Adrenoceptor antagonists inhibit the g rowth of cultured oval cells.. 

Oval cells were cultured in serum free medium (SF), serum or serum plus increasing concentrations of NE (a) or 
ISO (c). After 48 hours, the numbers of cells in culture were evaluated. Results are the mean ±SD of 2 or more 
separate detenninations. * p< 0.05 for 5% serum only versus NE or ISO. plus serum. Oval cells were also 
cultured with NE (100 nM) minus or plus the ^-adrenoceptor antagonist prazosin (PRZ, 10uM) (b) or ISO (100 
nM) minus or plus the P-adrenoceptor antagonist propranolol (PRL, 10 uM) (d) or the combination of both 
adrenoceptor agonists minus or plus PRZ (e). Cell numbers were determined after 48 hours. Results are the 
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mean ±SD of 2 or more separate determinations. * p«c 0.05 for serum only versus NE or ISO plus seram; # p< 
0.05 for PRZ vs NE control, PRL vs ISO control and PRZ+PRL vs NE control. 

Figure 3 (a.fr>. NE and ISO activate adrenoceptor G p r otein-coupled mechanisms that induce raitogenic 
and survival pathw ays in oval cells . 

Oval cells culture experiments were repeated with inhibitors of mitogen and/or survival pathways added to some 
wells. After 48 hours, the numbers of cells in culture were evaluated. FT = pertussis toxin, WT = wortmannin, 
SB = SB202190, PD = PD98059, RO = RO-32-0432, * p< 0.05 for serum only versus NE or ISO plus serum; 
**p<0.05 forNE or ISO +PD vs NE or ISO alone; #p< 0.05 for treated groups versus NE or ISO alone. 

Figure 4. Reduced numbers of oval cell s in NE-deficient DbK 1 - mice. 

Dbh v " and their control Dbh^ittermates were fed methionine choline deficient (MCD) diets to induce oval cell 
expansion. A subgroup of the Dbh* mice was also infused with isoprenaline (ISO). After 4 weeks, liver samples 
were obtained, fixed in formalin and paraffin-embedded. Oval cell numbers were counted in 5 randomly selected 
fields/section from 4 mice/group. Mean±SD results of one experiment are graphed. Virtually identical results 
were obtained in a second experiment that studied an additional 4 mice/group. *p < 0.05 for Dbh*" versus 
wildtype, # p < 0.05 Dbh''" versus Dbh^ and ## p < 0.05 Dbh^" + ISO versus Dbh^. 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 



Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 



□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCED) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



BEST AVAILABLE IMAGES 




FADED TEXT OR DRAWING 



